Impacts of bioremediation strategy on the activity and diversity of hydrocarbonoclastic bacteria in a petrogenic contaminated aquatic system by Sheppard, P
 Impacts of bioremediation strategy on the activity and 
diversity of hydrocarbonoclastic bacteria in a petrogenic 
contaminated aquatic system 
 
Petra Jaye Sheppard 
 
B.Biotech (Hons) 
 
 
Thesis submitted for the degree of 
Doctor of Philosophy 
 
 
School of Applied Science 
Royal Melbourne Institute of Technology 
 
 
Principal supervisor: Professor Andrew Ball 
Secondary supervisor: Doctor Keryn Simons 
 
 
August 2013 
 
Assessment of petrogenic aquatic systems                                                                   P. Sheppard                     
 
Page | II  
 
Table of Contents 
 
Table of contents .............................................................................................................. II 
Abstract ........................................................................................................................... VII 
Declaration ...................................................................................................................... IX 
Acknowledgments ........................................................................................................... XI 
Chapter 1: Introduction .................................................................................................... 1 
1.1 Oil exploration and exportation activities .................................................................. 2 
 1.1.1 Offshore oil platforms ....................................................................................... 2 
 1.1.2 Marine vessels ................................................................................................... 4 
1.2 Hydrocarbons .............................................................................................................. 4 
1.2.1 Saturates ........................................................................................................... 5 
1.2.2 Aromatics .......................................................................................................... 6 
1.2.3 Resins and asphaltenes..................................................................................... 6 
 1.2.4 Fate in the marine environment ....................................................................... 7 
1.3. Aerobic metabolic pathway ....................................................................................... 9 
1.3.1 Aliphatic compounds ........................................................................................ 9 
1.3.2 Aromatic compounds ..................................................................................... 11 
1.4. Remediation techniques .......................................................................................... 11 
1.4.1 Physical methods  ........................................................................................... 13 
1.4.2 Chemical methods .......................................................................................... 14 
1.4.3 Biological methods ......................................................................................... 17 
1.5. Tools for assessing remediation ............................................................................... 24 
1.5.1 Non traditional based techniques .................................................................. 24 
1.5.2 Traditional based techniques  ........................................................................ 29 
1.6. Aims .......................................................................................................................... 35 
Chapter 2: Material and Methods ................................................................................. 37 
2.1 Media ........................................................................................................................ 38 
2.1.1 Marine agar and broth.................................................................................... 38 
2.1.2 Minimal salt medium  agar and broth ............................................................ 38 
2.1.3 Nutrient broth ................................................................................................. 38 
2.1.4 Phosphate buffered saline  ............................................................................. 38 
Assessment of petrogenic aquatic systems                                                                   P. Sheppard                     
 
Page | III  
 
2.1.5 Vibrio fischeri agar and broth  ........................................................................ 38 
2.2 Microorganisms and maintenance ........................................................................... 38 
2.2.1 Consortium strains  ......................................................................................... 38 
2.2.2 Ecotoxicity cultures  ........................................................................................ 39 
2.3 Determination of total petroleum hydrocarbons ..................................................... 40 
2.4 Molecular techniques ............................................................................................... 40 
2.4.1 Genomic DNA/RNA extraction ....................................................................... 40 
2.4.2 PCR reactions and verification  ....................................................................... 40 
2.4.3 Amplification of 16S ribosomal DNA  ............................................................. 41 
2.4.4  Amplification of complementary DNA ........................................................... 41 
2.5 Denaturant gradient gel electrophoresis .................................................................. 41 
2.5.1 DGGE staining  ................................................................................................ 41 
2.5.2 DGGE band pattern analysis  .......................................................................... 42 
2.6 Stable isotope probing  ............................................................................................. 42 
2.6.1 Gradient preparation  ..................................................................................... 43 
2.7 Sequencing ................................................................................................................ 43 
2.8 Statistical analysis ..................................................................................................... 43 
Chapter 3: The importance of weathered crude oil as a source of hydrocarbonoclastic 
microorganisms in  contaminated seawater ................................................................. 44 
Statement of authorship ................................................................................................. 45 
Abstract ........................................................................................................................... 46 
Introduction .................................................................................................................... 46 
Material and Methods .................................................................................................... 47 
 Sample collection  .................................................................................................... 47 
 Enumeration of the hydrocarbonoclastic population present in weathered crude
 oil .............................................................................................................................. 47 
 Weathered crude oil microcosm experiment .......................................................... 47 
 TPH concentration analysis ...................................................................................... 47 
 DNA extraction ......................................................................................................... 47 
 Microbial community structure ............................................................................... 48 
 Statistical analysis .................................................................................................... 48 
Results  ............................................................................................................................ 48 
Hydrocarbonoclastic community present in the weathered crude oil ................... 48 
Assessment of petrogenic aquatic systems                                                                   P. Sheppard                     
 
Page | IV  
 
Total petroleum hydrocarbon degradation ............................................................. 48 
Molecular analysis (PCR and DGGE) ........................................................................ 50 
Discussion  ....................................................................................................................... 51 
Acknowledgments  .......................................................................................................... 52 
References  ...................................................................................................................... 52 
Chapter 4: Carrier mounted bacterial consortium facilitates oil remediation in the 
marine environment  ...................................................................................................... 54 
Statement of authorship ................................................................................................. 55 
Abstract ........................................................................................................................... 57 
1. Introduction ................................................................................................................ 57 
2. Methods ...................................................................................................................... 58 
 2.1 Tank design and carrier material development  ................................................ 58 
 2.2 Hydrocarbon preparation and extraction .......................................................... 58 
 2.3 Nutrient assessment and cell viability ............................................................... 59 
 2.4 Extraction of nucleic acid and polymerase chain reaction (PCR)-amplification of 
  16S DNA ............................................................................................................... 59 
 2.5 DGGE fingerprinting analysis, excision, purification and sequencing of gel 
  bands ................................................................................................................... 59 
 2.6 Luminescent biosensor toxicity assessment ...................................................... 59 
        2.7 Phaeodactylum tricorutum toxicity assessment  ............................................... 59 
 2.8 Statistical analysis  ............................................................................................. 59 
3. Results and Discussion ................................................................................................ 60 
 3.1. Weathered oil degradation profile ................................................................... 60 
 3.2 Cell viability, nutrient utilisation and microbial community profiles ................ 60 
 3.3 Ecotoxicity analysis ............................................................................................ 63 
4. Conclusion  .................................................................................................................. 65 
Acknowledgments  .......................................................................................................... 65 
References  ...................................................................................................................... 65 
Chapter 5: The application of a carrier-based bioremediation strategy for marine oil 
spills ................................................................................................................................ 67 
Statement of authorship ................................................................................................. 68 
Abstract ........................................................................................................................... 70 
Assessment of petrogenic aquatic systems                                                                   P. Sheppard                     
 
Page | V  
 
1. Introduction ................................................................................................................ 71 
2. Material and Methods  ............................................................................................... 74
 2.1 Tank design ........................................................................................................ 74 
 2.2 Carrier material .................................................................................................. 75 
 2.3 Seawater characteristics analysis ...................................................................... 76 
 2.4 Hydrocarbon preparation and extraction  ......................................................... 76 
 2.5 Short to medium chain substrate utilisation ..................................................... 76 
 2.6 Nucleic acid extraction  ...................................................................................... 77 
 2.7 Molecular community structure ........................................................................ 78 
 2.8 Luminescent biosensor toxicity assessment  ..................................................... 79 
 2.9 Phaeodactylum tricorutum toxicity assessment  ............................................... 79 
 2.10 Brine shrimp hatchability assessment ............................................................. 80 
 2.11 Statistical analysis ............................................................................................ 80 
3. Results and Discussion ................................................................................................ 81 
 3.1 Physiochemical characteristics .......................................................................... 81 
 3.2 Hydrocarbon degradation .................................................................................. 83 
 3.3 Microbial community profile and identification ................................................ 85 
 3.4 Ecotoxicity assays ............................................................................................... 89 
4. Conclusion ................................................................................................................... 92 
Acknowledgements ......................................................................................................... 92 
References ....................................................................................................................... 92 
Chapter 6: Stable Isotope Probing - a tool for assessing the potential activity and 
stability of hydrocarbonoclastic communities in contaminated seawater  ................. 95 
Statement of authorship ................................................................................................. 96 
Abstract ........................................................................................................................... 98 
Introduction .................................................................................................................... 98 
Material and Methods .................................................................................................... 99 
 Substrate utilization microcosms  ............................................................................ 99 
 Hydrocarbon substrate monitoring  ........................................................................ 99 
 RNA extraction  ........................................................................................................ 99 
  Ultracentrifugation and  fractionation  ................................................................... 99 
 16S rRNA amplification and denaturant gradient gel electrophoresis .................. 100 
 Data analysis  ......................................................................................................... 100 
Assessment of petrogenic aquatic systems                                                                   P. Sheppard                     
 
Page | VI  
 
Results and Discussion .................................................................................................. 100 
 Substrate utilization and gradient evaluation ....................................................... 100 
    Labeled versus unlabeled fraction: bacterial community structure ...................... 100 
Microbial community dynamics ............................................................................ 103 
Sequence analysis .................................................................................................. 104 
Conclusion  .................................................................................................................... 104 
Acknowledgments  ........................................................................................................ 105 
References ..................................................................................................................... 106 
Supplementary tables  .................................................................................................. 106 
Chapter 7: General  Discussion and Conclusion  ......................................................... 108 
7.1 General Discussion .................................................................................................. 109 
7.2 Conclusion ............................................................................................................... 116 
Chapter 8: References .................................................................................................. 117 
8. References ................................................................................................................. 118 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Assessment of petrogenic aquatic systems                                                                   P. Sheppard                     
 
Page | VII  
 
Abstract 
Marine oil pollution can result in the persistent presence of weathered oil. 
Current methods for removing weathered oil are heavily reliant on chemical 
dispersants and physical removal. These methodologies pose problems as 
rarely is all the oil removed without further disruption to the ecosystem or the 
addition of further chemical treatments. This study investigated the diversity of 
the hydrocarbonoclastic community naturally present on weathered crude oil 
and its potential to degrade hydrocarbons in marine environments, through the 
use of seawater mesocosms (200 ml). Examination of the native seawater 
community's capabilities of utilizing hydrocarbons as their sole carbon source 
identified a maximum recovery of just 6.6 x 101 CFU/ml, with these values 
dramatically increased in the weathered oil, reaching 4.1 x 104 CFU/ml. These 
results confirm that the microorganisms associated with the weathered crude oil 
represent a dominant hydrocarbonoclastic community. Having identified that a 
significant hydrocarbonoclastic community was available, replicate seawater 
mesocosms were used to follow the degradation of weathered crude oil over an 
8 week period. The crude oil was subject to a natural attenuation bioremediation 
strategy. By day 56, the natural inoculums degraded the soluble hydrocarbons 
to below detectable levels and biodegradation of the residual oil reached 66%. 
The natural crude oil community showed it was a valuable resource for 
bioremediation of pollutant environments.  
Having established natural attenuation as an treatment method in small scale 
weathered crude oil degradation, enhanced bioremediation treatment methods 
were developed. To date, limited studies have focused on the development of 
an environmentally safe and sustainable method of marine oil removal using a 
microbial community attached to a carrier. In this study, we used a tank 
mesocosm system (50 l) to follow the degradation of weathered oil (10 g l-1) 
using a bacterial consortium mobilised onto different carrier materials (alginate 
or shell grit). GCMS analysis demonstrated that the extent of hydrocarbon 
degradation was dependent upon the carrier material. Augmentation of shell grit 
with nutrients and exogenous hydrocarbon degraders resulted in 75 (± 14) % 
removal of >C32 hydrocarbons after 12 weeks compared to 20 (± 14) % for the 
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alginate carrier and 20 (± 1.42) % for the seawater control. Therefore, the shell 
grit carrier material was selected as the optimal remediation system.  
Once this strategy had been developed, the potential application of the carrier 
material for use in a pilot scale bioremediation study was assessed. The pilot 
scale application (5000 l) examined the ability of the augmented shell carrier 
material to degrade weathered crude oil (10 g l-1) in a marine simulated 
environment and assessed ecotoxicity impacts associated with the introduction 
and biodegradation of oil. Total petroleum hydrocarbon degradation was 
effectively reduced by 53 (± 5.75) % within 27 weeks. This research showed the 
shell carrier system to be an environmental friendly, sustainable and  effective 
treatment option to degrade marine weathered oil.  
16S rRNA sequence analysis was used to identify species present during the 
bioremediation process. Stable isotope probing (SIP) is a method used to link 
microbial identification to environmental function. In this study, we used stable 
isotope probing (SIP) to monitored the utilization rate of unlabeled (12C) and 
labeled (13C) substrates, benzene (0.559 μl l-1 h-1)  and hexadecane (0.330 μl l-1 
h-1) in pre-exposed seawater over 72 h. Microbial community analysis by RNA-
SIP DGGE showed substantial differences between the banding pattern of 12C 
and 13C communities. Phylogenetic analysis of 16S rRNA gene sequences 
revealed the presence of known hydrocarbon degraders including Alcanivorax, 
Acinetobacter, Pseudomonas and Roseobacter. This research proved SIP to be 
a potentially useful tool for assessing the bioremediation potential in 
contaminated marine ecosystems. Furthermore, this study highlights the 
benefits of incorporating RNA-SIP in remediation studies to enhance future 
selection of treatment strategies. 
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1.1  Oil Exploration and Exportation Activities 
The term “oil” generally refers to petroleum in any form including crude oil, fuel 
oil, sludge, oil refuse and refined products (Doerffer, 1992). All petroleum 
products are derived from crude oil, where the main constituents are 
hydrocarbons (Harayama et al., 1999). Currently, the annual world production of 
crude oil is in the region of 84 million barrels per day (Hasan et al., 2010), with 
approximately 50% of this being transported by sea (McKew et al., 2007a). 
A large proportion of the oil which enters the marine waterways is a result of 
accidental incidents. Accidental releases of oil can result from natural disasters 
or oil seepages, incidents with vessels, either collisions or grounding, or from 
offshore oil platforms, through human error or due to technical and mechanical 
faults in oil exploration activities and/or storage (McKew et al., 2007a; Mei and 
Yin, 2009). For most marine accidents, it can be predicted where they are most 
likely to occur by analysing high use areas, ocean floor/reef characteristics, and 
weather conditions. However, despite the latest technologies in offshore drilling 
and vessel navigational equipment, the risk of oil spills will always be present 
and, therefore, a treatment strategy must be in place. 
In addition to human activities, natural seeps release hundreds of barrels of oil 
per day into the marine environment (LaMontagne et al., 2004). However, 
although there is a natural release of oil into the ocean, anthropogenic activities 
including oil exploration and exportation, increase the concentration of 
environmental contamination to levels of ecological concern.  
1.1.1 Offshore oil platforms 
In the marine environment petroleum is naturally found in subsurface reservoirs 
and other underground formations (Hook et al., 2010). It has originated from 
remains of biological matter which have been converted to oil and/or natural gas 
through a combination of microbial processes and pressure from overlaying 
sediments (Hook et al., 2010). The oil moves within the soil profile, seeping 
through porous rock to form oil reservoirs when it encounters an impervious 
rock layer. This oil reservoir can be located by seismic surveys and, if 
economically viable, offshore platforms and wells are built in order to extract the 
oil.  
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Offshore processes, such as those involving dredging of ship channels, drilling 
in to oil reservoirs, setting up offshore platforms and laying of undersea pipes, 
physically disrupt the seafloor habitat and the benthic communities (Ball et al., 
2012). In addition substantial water pollution can occur through seepages of oil 
and natural gas, and leakages of trace metals, and drilling fluids from the heavy 
equipment being used. Early applications of drilling fluids used diesel or crude 
oil, to lubricate and regulate pressure within the well. Current applications 
replaced such fluids with mineral oils and synthetic fluids to lessen the 
environmental impacts. The synthetic fluids contain C, N and O atoms in 
different configurations, selected for low toxicity and their simplicity in 
degradation (Pozebon et al., 2009). Despite this shift to less environmentally 
invasive fluids and methods, the aim of extracting petroleum products remains 
and when accidents happen, the impact on the environment can be substantial. 
For example, in 2010, a gas explosion occurred in the wellbore of the British 
Petroleum Deepwater Horizon rig leading to the rig catching fire. The blowout, 
an uncontrolled flow of subterranean formed fluids, resulted from a loss of well 
control (LWC) which saw not only a large release of natural gas but also crude 
oil from a broken riser pipe for 84 d at a depth of 1,480 metres (Hamdan and 
Fulmer, 2011; Joye et al., 2011; Skogdalen et al., 2011). Despite new 
technological advances in blowout prevention (BOP) and the application of 
remote controlled robots which can withstand deepwater high pressure 
environments, to construct, maintain and repair equipment deepwater drilling is 
a complex operation and mistakes can cost tens of millions of dollars 
(Skogdalen et al., 2011).  
Even when accidents have not occurred, offshore platforms have a limited 
lifespan in seawater (Stachowitsch et al., 2002). The removal and dismantling of 
offshore platforms and underwater structures is a controversial issue. After their 
long term presence in the ocean environment, communities on the underwater 
structures are formed and dismantling results in further disruption to the benthic 
environment and is an expensive event. However, this risk must be balanced by 
the fact that, with thousands of such structures and thousands of kilometres of 
pipelines (Stachowitsch et al., 2002) they provide a risk to transportation 
vessels and animal migrations.  
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1.1.2 Marine vessels 
It has been estimated that 80% of the maritime traffic is in the northern 
hemisphere (OECD 2010). Therefore, marine oil spills in the northern 
hemisphere are more common than the southern hemisphere and major oil 
tanker spills include the Prestige (Spain 2002), Braer (UK 1993), Sea Empress 
(UK 1996), Exxon Valdez (Alaska 1989), and the Amoco Cadiz (France 1978).  
When a ship leaves a designated route which has been safely mapped and 
traversed by other vessels, it runs the risk of encountering a set of dangers 
associated with collisions and grounding events. Despite the latest technologies 
in navigation and hull design (double), vessels, including recreational cruise 
ships Costa Concordia (Schroder-Hinrichs et al., 2012), are still running 
aground as a result of navigational errors. The damages to these vessels is of 
environmental concern as in addition to the transported materials, all ships 
contain large amounts of fuel for their own propulsion (Prince and Clark, 2004). 
Furthermore, in addition to crude oil, worldwide approximately 200 million 
tonnes of dangerous goods and hazardous materials are also transported by 
sea each year (AMSA, 2010). 
1.2. Hydrocarbons  
The contamination of marine environments by hydrocarbons represents a global 
concern with potential consequences on ecosystems and human health (Gong 
et al., 2013). It is estimated that between 1.7 and 1.8 million metric tonnes of 
crude oil are released into the world’s water every year, of which more than 
90% is directly related to human activities (Nikolopoulou et al., 2007). Petroleum 
hydrocarbons are diverse, varied structures that can range from simple 
saturated aliphatic alkanes to complex polycyclic aromatic compounds (Figure 
1.1) (Lindley, 1992). Advances in ultra-high resolution mass spectrometry have 
identified more than 17,000 distinct chemical components in crude oil, making it 
perhaps the most complex mixture of organic compounds (Head et al., 2006). 
Petroleum components can be separated into four fractions, saturates, 
aromatics, resins and asphaltenes (Figure 1.1) (Harayama et al., 1999). 
Saturated hydrocarbons constitute the largest fraction of crude oil by mass, and 
the biodegradation of saturated hydrocarbons is quantitatively the most 
important process in the removal of crude oil from the environment (Head et al., 
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2006). Nevertheless, the degradation of aromatic hydrocarbons and polar 
fractions, which are more toxic and persistent (Perelo, 2010), could be of 
greater long term environmental significance (Head et al., 2006).   
 
 
 
Figure 1.1: Example of the structure of (a) an aliphatic hydrocarbon, (b) an 
aromatic carbon and (c) an asphaltene molecule (reproduced from Mullins et al. 
(2007).  
1.2.1 Saturates 
Saturates are composed of aliphatic hydrocarbons and are further classified 
according to their chemical structure into groups including alkanes (paraffins) 
and cycloalkanes (naphthenes). Alkanes are the major constituents of 
petroleum  hydrocarbons (Margesin and Schinner, 2001). Within the current 
literature it is proposed that saturated components of crude oil, particularly the 
n-alkanes of intermediate lengths (C10-C20) are biodegraded more readily in soil, 
sludge, sediment and marine environments (Lindley, 1992; Salanitro et al., 
1997b; Yuste et al., 2000). Those of larger chain lengths (C20-C40) are 
hydrophobic solids and are therefore difficult to degrade due to their low 
aqueous solubility, bioavailability and structure (Yuste et al., 2000). Therefore, 
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these high molecular mass compounds are frequent end-products often termed 
recalcitrant compounds as they do not respond well to remediation treatments 
and are usually found in weathered crude oils (Trindade et al., 2005).  
1.2.2 Aromatics 
Aromatic fractions are classified by the presence of one or more aromatic rings 
(Figure 1.1) with or without an alkyl substituent(s). Polycyclic aromatic 
hydrocarbons (PAH) are of major concern due to their persistence, mutagenicity 
and toxicity (Dyksterhouse et al., 1995). As a result of their relatively poor 
solubility in water and hydrophobic nature, they strongly adhere to particulate 
materials and in the marine environments, settle to the seafloor and accumulate 
within the marine sediment.  
1.2.3 Resins and asphaltenes 
Asphaltenes (phenols, fatty acids, ketones, esters and porphyrins) and resins 
(pyridines, quinolines, carbazoles, sulfoxides, and amides) are estimated to 
constitute approximately 10% of crude oil composition and their presence can 
be a problem in the production and refining of crude oil (Gaspar et al., 2012, 
Leyva et al., 2013). Resins and asphaltenes are composed of polar compounds 
and in addition to carbon they contain nitrogen, sulphur and/or oxygen 
(Harayama et al., 1999). Asphaltenes consist of high molecular mass 
compounds which are not solubilised when placed in solvents such as n-
heptane (Zoueki et al., 2010). The stability of these asphaltenes is a perennial 
problem as unstable asphaltenes can form a separate phase, which can result 
in precipitation and aggregation (Leyva et al., 2013). Asphaltene stability is 
dependent on factors including temperature, pressure and the composition of 
surrounding fluids (Buenrostro-Gonzalez et al., 2004). Micelles (aggregates of 
molecules) in the wellbore, the well and in pipelines can block the flow of oil 
resulting in loss of production and potentially the expense of remediation 
(Buenrostro-Gonzalez et al., 2004). Studies have shown that resins and 
asphaltenes can be altered by microbial biodegradation, despite the fact that 
they are considered as being recalcitrant to microbial attack (Liao et al., 2009). 
These chemical and isotopic changes have been associated with anaerobic 
biodegradation, which is logical as the primary process is in deep reservoirs.  
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1.2.4 Fate in the marine environment 
In the event of an oil spill, the process of weathering occurs. The oil goes 
through a variety of physical, chemical and biological changes (Zhu et al., 
2001). It is these weathering processes that alter the composition and 
properties of the oil which can have some impacts on the response “clean-up” 
strategy.  
In general, immediately after an oil spill on the marine environment, the oil 
spreads over the sea surface (Zhu et al., 2001). The spreading of oil on water is 
one of the most important processes during the first hours of a spill. The speed 
of this process is dependent on the oil’s viscosity and volume. Through this 
initial spreading process the surface area is increased, enhancing the rate of oil 
evaporation and dissolution (Jordan, 1980). In the early stages, spreading and 
evaporation are responsible for the removal of a large fraction of the oil 
(predominantly the more toxic and lower molecular weight components) 
(Nikolopoulou and Kalogerakis, 2011). The rate of evaporation is influenced by 
the composition and physical properties of the oil spilt, wave action, wind 
velocity and water temperature. In general, hydrocarbon chains of lower lengths 
are rapidly evaporated (Harayama et al., 1999).  
Irrespective of whether the spill is a surface or deepwater spill, weathering 
continues at greater depths as well as when oil is in transit and when it gets to 
the surface (Lehr et al., 2010). Oil and gas released from a deepwater location 
are expected to break into bubbles (containing gas or vapour) or droplets 
(containing liquid) of various sizes. It is the high turbulence at the leak site that 
forms these oil droplets which are dispersed by ocean currents (Lehr et al., 
2010). The size of the oil droplet becomes important as larger droplets (as well 
as gas droplets) reach the water surface faster than those of smaller size taking 
days or even weeks to reach the surface (Yapa et al., 2012). Discharge 
characteristics, as well as surrounding factors, such as water temperature, 
salinity, depth of release and type of oil and gas impact their travel towards the 
water surface or staying submerged. Upon reaching the surface, the droplets 
may form an oil slick.  
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The process of emulsification of oil involves a change of state from an oil-on-
water slick or an oil-in-water dispersion to a water-in–oil emulsion (Zhu et al., 
2001). Two competing emulsification processes occur as water and petroleum 
mix (Prince and Clark, 2004). The water can be entrained in the oil to form an 
emulsion known as a mousse, or can be dispersed into the water column as a 
suspension of small droplets. The formation of mousse was discovered during 
the salvage operations following the Torrey Canyon disaster in 1967. A large 
scale formation of brown, highly viscous, stable emulsion of 70% volume sea 
water in oil formed spontaneously and was called ‘chocolate mousse’ (Bridié et 
al., 1980).  
The mousses are persistent, and the long term presence of oil in the water 
results in the oil adhering to marine material (sediments, sand) forming tar balls 
(Goodman, 2003). The formation of oil-in-water emulsions or dispersion, 
involves incorporating small droplets of oil into the water column, resulting in 
increased surface area of the oil (Zhu et al., 2001). Dispersion of the oil into the 
water column is a complex physicochemical process which is affected 
differently by breaking and non breaking waves (Xiankun et al., 1993).  
The physical and chemical characteristics of crude oil include specific gravity, 
surface tension, viscosity, pour point, flash point and solubility (Doerffer, 1992). 
Other factors which can affect the dispersion include density, viscosity, 
thickness of the oil spill, temperature and salinity of seawater (Doerffer, 1992). 
The biodegradation of the oil may be increased by dispersion due to increased 
contact between oil and microorganisms, as the growth of oil degraders occurs 
almost exclusively at the oil-water interface (Nikolopoulou et al., 2007) and/or by 
increasing the dissolution rates of the more soluble oil components (Zhu et al., 
2001).  
Sinking is the mechanism by which oil masses that are denser than the 
receiving water are transported to the bottom. The oil itself may be denser than 
water, or it may have incorporated enough sediment to become denser than 
water. Sedimentation is the absorption of oil to suspended sediments that 
eventually settle out of the water column and accumulate on the seafloor. Oil 
has a larger residential time in sediment as compared to water and poses a 
long term hazard to marine organisms (Hii et al., 2009a).  
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1.3 Aerobic Metabolic Pathway 
1.3.1 Aliphatic compounds 
There are different mechanisms for the microbial uptake of aliphatic molecules 
and a diversity of catabolic pathways to degrade them (Olivera et al., 2009). 
The aerobic degradation of aliphatic hydrocarbon fractions involves an initial 
step of oxidation by molecular oxygen (Atlas, 1995). Briefly, Figure 1.2 shows 
the n-alkane is oxidized to the corresponding primary alcohol by terminal 
monoxygenases/hydroxylases (Wentzel et al., 2007). The alcohol is 
subsequently oxidized further to the corresponding aldehyde and carboxylic 
acid. The carboxylic acid then serves as a substrate for acyl-CoA synthetase, 
resulting in the formation of acyl-CoA. Fatty acids are conjugated to CoA and 
further processed by β-oxidation to generate Acetyl-CoA (Rojo, 2009). Acetyl-
CoA then enters the Tricarboxylic Acid Cycle (TCA) and forms substrates for 
the biosynthesis of cell biomass and growth through gluconeogenesis (Figure 
1.2). Other pathways do exist which include sub terminal oxidation for n-alkanes 
which has been previously described (Rojo, 2009; Wentzel et al., 2007).  
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Figure 1.2: Aliphatic hydrocarbon degradation pathway (Adapted from Wentzel 
et al. (2007)).  
 
Assessment of petrogenic aquatic systems                                                                   P. Sheppard                     
 
Page | 11  
 
1.3.2 Aromatic compounds 
Similarly  to aliphatic hydrocarbons, the initial step of aerobic catabolism of an 
aromatic hydrocarbon by bacteria occurs by oxidation (Kanaly and Harayama, 
2000). The aromatic hydrocarbon rings are generally hydroxylated to form 
dihydrodiol (diols). These dihydroxylated intermediates may then be processed 
through either an ortho or meta cleavage pathway (Figure 1.3). The rings are 
cleaved with the formation of catechols which are subsequently degraded to 
intermediates of the TCA (tricarboxylic acid cycle) cycle (Atlas, 1995).  
 
Figure 1.3: Aerobic aromatic degradation pathway (adapted from 
Cerniglia (1992)).  
 
1.4 Remediation Techniques  
As a result of the large influx of complex hydrocarbon compounds into the 
marine environment each year, there has been a need for the emergence of 
new remediation strategies and technologies towards enhanced remediation 
(Andersson et al., 2006). Weathering processes do not remove the oil from the 
environment (Prince and Clark, 2004). Oil is essentially eliminated from the 
environment when converted to carbon dioxide and water by the two processes, 
combustion and biodegradation. The remediation techniques used to achieve 
these processes are natural, physical, chemical and biological methods. 
Amongst these, biotechnological strategies based on biostimulation of native 
microbial communities to enhance biodegradation are of particular relevance 
(Andersson et al., 2006). The two main objectives of contaminant remediation is 
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to minimise the pollutant risks to human health and to the environment 
(including minimal habitat destruction and/or modification) (Perelo, 2010) 
through applying the optimal remediation technique (Table 1.1).  
 
Table 1.1: Example of factors influencing marine remediation 
Factors Description 
Treatment  
Example 
Advantage Reference 
Bioavailability 
Inadequate 
hydrocarbon 
bioavailability 
Biosurfactants 
Solubilise hydrophobic 
substrates increasing 
microbial interactions 
(Satpute et 
al., 2010) 
Competition 
& Predation 
Compete for resources 
Bioaugmentation 
 
Microbes pre adapted 
to the stress of sudden 
hydrocarbon 
contamination  
 
 
Microbial 
Community 
Lack of hydrocarbon 
degrading organisms 
Bioaugmentation 
 
Selection of 
appropriate strains to 
biodegrade 
contaminants 
(Perelo, 
2010) 
Nutrients 
Absence or low levels 
of key substrates 
Biostimulation; 
Nutrients 
Increase the rate of oil 
degradation 
(Atlas and 
Bartha, 
1972) 
Open waters 
Dilution in open-water 
systems 
Carrier material 
Provide protective 
niche for bacterial 
growth 
(Alvarenga 
et al., 
2009) 
Oxygen Anoxic conditions 
Anaerobic 
hydrocarbon 
metabolism 
Degrade hydrocarbons 
in the absence of 
oxygen 
 
(Head and 
Swannell, 
1999) 
 
pH 
Effects nutrient 
solubility 
Natural 
attenuation 
Seawater is relatively 
stable and acts as 
buffering system 
 
Salinity 
 
High salinity regions 
effect microbial 
populations 
 
Carrier material 
Provide a protective 
niche for bacterial 
growth 
(Gentili et 
al., 2006) 
Shoreline 
 
Anaerobic sediment 
conditions 
 
Biostimulation; 
Electron 
acceptors 
Enhance anaerobic 
metabolism 
(Perelo, 
2010) 
Temperature 
 
Affect microorganism 
activity  
 
Natural 
attenuation 
Seasonal shifts and 
adaptation 
(Atlas, 
1981) 
Time 
 
Selection of response 
strategy 
 
 
Contingency 
plans 
 
Commercially available 
bioremediation agents 
 
Weathering 
Evaporation and 
dissolution change the 
oils properties 
Dispersants Emulsify the petroleum 
(Harayama 
et al., 
1999) 
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1.4.1 Physical Methods  
In some cases natural attenuation alone is not the optimal initial treatment 
method for remediation of a marine oil spill. Physical techniques are often used 
as the primary response in order to restrict the spread of the oil. These 
techniques include using equipment such as booms, barriers and the manual 
removal through skimmers. Mechanical recovery is the transfer of oil from the 
spilled area to some transportable form of temporary storage with the help of oil 
sorbents or skimmers (Wei et al., 2003). 
1.4.1.1 Booms and skimmers 
In order to reduce the impacts of an oil spill, containment of the oil slick is the 
primary response (Millet et al., 2008). Booms and barriers are used to reduce 
the possibility of polluting shorelines and other resources and to aid in diverting 
and channeling the spill. These physical containments can be fixed to a 
structure or towed behind a vessel. The success of the containment is highly 
dependent on the weather conditions (Nordvik, 1995). After containment, 
skimmers are used to recover the spilled oil from the sea surface. There are 
many forms of skimmers including weir, oleophilic and suction skimmers. 
Unfortunately, booms and skimmers are often rendered ineffective by waves or 
currents (Xia et al., 2006) and as a result only form the primary response clean 
up technique. Despite their low recovery rate, less than 20% (Prince and Clark, 
2004) they are still being utilised as the primary response as illustrated by the 
Australian national contingency response plan to marine oil spills (AMSA, 
2010).   
1.4.1.2 In situ burning  
After the containment of an oil slick, a large concentration of oil is confined 
together. In situ burning is a process with the potential to remove large 
quantities of the oil from the sea surface utilising fire proof barriers and booms 
and is the term used for the process of burning oil slicks in a marine 
environment. Developments in fire proof containment booms and igniters has 
expanded the area of operations and helped in reducing the time needed to set 
up the equipment before the oil spilled can undergo considerable weathering 
(Nordvik, 1995). This reduction in time is important as weathering causes loss 
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of the lighter fractions, thereby making ignition difficult and causing dense 
materials to sink. The main drawback of in situ burning is the repercussions 
associated with the large amount of oil which turns into smoke, 5-15% of the 
original volume of oil burned (Lehr et al., 2010). However, despite the 
repercussions, the method has been recently used as a response strategy in 
the Deepwater Horizon oil spill, where it has been estimated that booms and 
burning accounted for 5% of the oil removed (Hemmer et al., 2011). Apart from 
the Deepwater Horizion spill, there are only limited case studies which have 
been conducted in an open marine environment on such a large scale incident, 
previous studies include the New Carissa which ran aground in Oregon 1999 
carrying approximately 400,000 gallons of fuel oils (EPA, 1999; Owens et al., 
2002).  
1.4.1.3 Sorbents 
Sorbents are used as a physical mechanical method for cleaning up oil spills in 
the marine environment, in particular after the oil is in close proximity or 
stranded on the shoreline (Nordvik, 1995). Previous studies have investigated 
the use of perlite, clays, vermiculite or sand coated with an 
oleophilic/hydrophobic  layer, hydrocarbon (paraffin) wax, fibrous sorbents, 
dried wheat straw, acetylated raw cotton and garlic and onion peel as sorbents 
and adsorbent mats made from human hair (Luckarift et al., 2011; Sayed and 
Zayed, 2006). Sorbents are materials that can be used to recover oil through 
either absorption or adsorption; however, some possess high water sorption in 
contrast to higher oil-sorption capacity and lower water uptake. In addition, the 
use of sorbents can be labour intensive and time consuming and the spent 
sorbent generated creates a new disposal problem. Therefore, care must be 
exercised in selecting sorbents for oil clean-up as the use of less effective 
products and materials can exacerbate existing pollution and waste disposal 
problems (Nordvik, 1995).   
 
1.4.2 Chemical Methods 
As a result of wave action and natural dispersion, spilt oil is converted to 
micron-sized droplets that are eventually diluted to concentrations below toxic 
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limits (Shaw, 2003; Tkalich and Chan, 2002). Along coastal shorelines there are 
increases in suspended particles and materials which interact with the oil 
droplets to form oil–mineral-aggregates (OMAs) (Owens and Lee, 2002). 
Detailed studies of OMA formation have revealed that both fine minerals and 
organic particles can stabilise oil droplets within the water column (Lee, 2002; 
Lee et al., 2003; Omotoso et al., 2002). The results of laboratory experiments 
and shoreline field trials have demonstrated that the production of OMAs 
enhances the natural dispersion of oil spills and reduces their environmental 
persistence by enhancing biodegradation (Li et al., 2007). Therefore the 
application of chemical methods, such as dispersants and emulsifiers is 
intended to further enhance the dispersal rate thereby increasing biodegrading 
rates and environmental protection.  
1.4.2.1 Chemical dispersants  
The application of chemical dispersants is an oil spill remediation technique 
applied to oil slicks to remove oil from the sea surface and disperse it into the 
water column at very low concentrations (Lessard and Demarco, 2000). The 
utilisation of chemical dispersants in coastal regions has been approached with 
caution due to concerns of  their  biological  effects on both pelagic and benthic 
organisms  (Li et al., 2007)  exposed to  petroleum hydrocarbon  compounds. 
These effects are  proportional  to  the  intensity  and the duration of exposure 
time  (Li et al., 2009). Recently, the Deepwater Horizon spill in 2010, saw a 
large scale application in the Gulf of Mexico (Prince et al., 2012). The oil spill 
was treated with over 1.8 million gallons of the dispersant Corexit 9500 and 
9527 (US EPA listed) to surface oil and injected at the well head (1,544 metres) 
(Hemmer et al., 2011, Gray et al., 2014). However, the large scale application of 
the dispersants has come with unknown risk potentials and such large 
application may increase the bioavailability of oil constituents to organisms in 
the water column (Wei et al., 2012). An important environmental consideration 
associated with the use of chemical dispersant is assessing the environmental 
degradation of the dispersed oil droplets in comparison to an oil slick and oil 
stranded on shorelines and incorporated into sediment. 
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Dispersants are composed of complex mixtures of surfactants, solvents and 
additives and can be an effective means of accelerating the dispersion of oil 
from the sea surface into the water column (Chapman et al., 2007; Lessard and 
Demarco, 2000; Saeki et al., 2009). The role of dispersants is not to stimulate 
the biodegradation of dispersed oil, but to allow their dispersion (Prince et al., 
2012). However, this in turn may help to accelerate biodegradation, as the 
process makes the oil droplets highly accessible to hydrocarbon-degrading 
bacteria, promoting removal from the environment by natural processes. In 
general, when applied to a film of oil, the surfactants diffuse to the oil/water 
interface penetrating into the oil layers where they are most effective (Nordvik, 
1995). There, they align themselves so that the lipophilic end of the molecule is 
attached to the oil phase and the hydrophilic end extends into the water phase, 
reducing surface tension allowing oil to mix (Lessard and Demarco, 2000). 
Dispersants are widely recognised by many regulatory agencies as an effective 
at sea response that provides a net environmental benefit when compared to 
physical recovery alone (Prince and Clark, 2004). The application of chemical 
dispersants is one of the primary oil spill countermeasures used for reducing the 
overall adverse impact of marine oil spills on the environment (Li et al., 2007). 
Currently the Australian contingency plan details the hire of spray aircraft with 
Fixed Wing Aerial Dispersant Capabilities for the application of oil spill 
dispersants.  
 
Many factors can influence the effectiveness of dispersants in the field, 
including oil composition, weathering, type and amount of dispersant, the 
temperature and salinity of the water and wave action (Lessard and Demarco, 
2000; Li et al., 2009; Li et al., 2010). Laboratory scale studies have been used 
to assess effectiveness of dispersants and all these influencing factors. 
However, although these studies are cheaper and easier to manage, they have 
many limitations especially with regards to representing the conditions present 
in marine environments. For example, current  and dilution effects are often 
difficult to reproduce in laboratory based studies (Li et al., 2009).  
Testing dispersant’s effectiveness under conditions similar to that of the open 
environment is required for improvements in operational procedures and the 
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formulation of regulatory guidelines (Li et al., 2009). Wave tank studies 
evaluating the effects of chemical dispersants by simulating the wave conditions 
are currently being researched (Li et al., 2007; Li et al., 2009). Information 
obtained from these tank trials will be useful for developing better operational 
guidelines for dispersant use. In addition, the information obtained can also 
improve the development of predictive models on dispersant effectiveness in 
the field especially when the results of dispersant effectiveness and particle size 
distribution as a function of energy dissipation rate are considered. The use of 
flow through wave tank systems could furthermore be used to conduct 
ecotoxicological analyses on dispersant exposure to sensitive marine species to 
ensure they are environmentally safe. Although wave tanks and bench scale 
studies are only simulating field based conditions, this combination has been 
recommended to perform the best practical treatment of an oil spill (Li et al., 
2010). Field trials are complex; involve high cost and are often inconclusive and 
non-repeatable, with  visual observation used to describe the success of the 
treatment (as limited data sets are available) without the use of appropriate 
analytical methodology (Li et al., 2009). The debatable question remains, 
improve bench scale and wave tank research or focus on field study trials?  
 
1.4.3 Biological Methods 
The occurrence of marine contamination has prompted the development and 
refinement of techniques for remediation. Biological methods have several 
potential advantages over other conventional technologies, such as being cost 
effective, less intrusive to the site and more environmentally benign in terms of 
its end products (Zhu et al., 2004).  
Biological methods include the use of straw or plant material as an absorbent of 
oil, the use of biosurfactants to clean oiled surfaces, biological polymers to coat 
surfaces to prevent oil adhesion and the addition of material to encourage 
microbial degradation (Oh et al., 2000). Bioremediation is being increasingly 
seen as an effective, environmentally friendly treatment strategy for 
contaminated shorelines from marine oil spills (Nikolopoulou et al., 2007). 
Bioremediation is defined as the act of adding materials to contaminated 
environments to cause an acceleration of natural biodegradation processes 
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(Zhu et al., 2004). As marine environmental conditions, such as low 
temperature, low concentrations of oil-degrading microorganisms, and inorganic 
nutrients are not favourable (Oh et al., 2000), the addition of nutrients 
(biostimulation) and microorganisms (bioaugmentation) have been introduced to 
overcome those difficulties. 
1.4.3.1 Natural attenuation 
Natural attenuation is considered an advantageous degradation process as it 
avoids damaging ecological habitats by enhancing intrinsic degradation 
capabilities of the native microorganisms to degrade contaminants (Yu et al., 
2005). After the occurrence of an oil spill, the proportion of hydrocarbon-
degrading microorganisms is thought to rapidly increase, although the diversity 
of the bacterial community can be dramatically reduced (McKew et al., 2007a). 
In marine environments, the proportion often exceeds 10% of the total bacterial 
population. Natural attenuation, therefore, relies on these bacterial populations 
to degrade the contaminant as an un-enhanced natural process (Andersson et 
al., 2007). Currently, there is no single strain of bacteria isolated with the 
metabolic capacity to degrade all the components found within crude oil 
(Venosa and Zhu, 2003). Total degradation of the oil component involves a 
series of complicated biochemical reactions and results from the activities of a 
microbial consortium consisting of a mixture of organisms with degradation 
potential for the diverse fractions of which the oil is composed (Hii et al., 2009a; 
Obayori et al., 2009a).  
Natural biodegradation processes remove considerable quantities of oil from the 
marine environment, with indigenous bacteria playing the dominant role 
(McKew et al., 2007d). Examples of such hydrocarbon degrading bacteria which 
are termed ‘hydrocarbonoclastic’ include Alcanivorax spp (Nakamura et al., 
2007), Cycloclasticus spp (DyksterHouse et al., 1995), Marinobacter spp 
(Gauthier et al., 1992), Neptunomas spp (Hedlund et al., 1999), Oleophili spp 
(Golyshin et al., 2002), Thalassolituus spp (Yakimov et al., 2004). These 
hydrocarbon-degrading microorganisms have different mechanisms for uptake 
of hydrocarbon molecules and a diversity of catabolic pathways to degrade 
them (Olivera et al., 2009). 
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Biodegradation studies have shown natural attenuation can be more effective 
than other implemented remediation strategies (Bento et al., 2005; Sheppard et 
al., 2012). The study by Sheppard et al. (2012) showed that the natural 
hydrocarbonoclastic population present in the environment and in the 
contaminant oil itself was able to degrade the hydrocarbon source naturally. 
However, highly active communities with hydrocarbon degradation potential are 
not always present in each environment and therefore advanced remediation 
techniques are necessary.  
1.4.3.2 Biosurfactants 
Crude oil is highly hydrophobic, with most of its components having low water 
solubility (Kuyukina et al., 2005). The low solubility and high hydrophobicity of 
many hydrocarbon compounds make them redundant to microorganisms 
(Obayori et al., 2009a). Petroleum hydrocarbon contamination can be treated 
with surfactants to disperse the oil, increasing surface area and accelerating its 
mineralisation, thereby increasing bioavailability (Kumar et al., 2007; Kuyukina 
et al., 2005).   
Surfactants can either be chemically synthesized (synthetic) or microbially-
produced (biosurfactants). Surfactants are amphipathic molecules (Obayori et 
al., 2009b) consisting of a polar head and a non polar tail. In an aqueous 
solution, they reduce the surface tension and facilitate the formation of 
emulsions between the liquids of different polarities, enhancing bioavailability 
(Kumar et al., 2007; McKew et al., 2007d; Obayori et al., 2009a). Through the 
enhancement of bioavailability by emulsification of oil, bacteria are able to come 
into contact with the hydrocarbon allowing membrane-bound oxygenases to 
initiate degradation. Consequently, most hydrocarbon-degrading bacteria have 
been found to produce biosurfactants.  
Biosurfactants are usually classified based on their biochemical nature and their 
microbial source and include glycolipids, lipopeptides, phospholipids, fatty acids 
and polymeric compounds (Kumar et al., 2007; Robles-Gonzalez et al., 2006). 
The release of biosurfactants is one of the strategies used by microorganisms 
to influence the uptake of PAHs and hydrophobic compounds in general. A 
review by Satpute et al. (2010) presents comprehensive information on 
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biosurfactants and bioemulsifiers produced by marine microorganisms. 
Microbially-produced biosurfactants have found a new area of application in the 
environmental remediation processes. Biosurfactants have demonstrated 
multifunctional characteristics, stable activity under environmental conditions 
(e.g. temperature, pH, salinity and pressure), lower toxicity and higher 
biodegradation than synthetic surfactants (Kuyukina et al., 2005).  
1.4.3.3 Biostimulation  
Biostimulation is considered as the activation of indigenous microorganisms. 
This can be achieved through either the addition of nutrients (Mancera-Lopez et 
al., 2008) and/or  altering other factors, such as oxygen, which are affecting 
microbial growth (Perelo, 2010). In marine environments, nutrient limitation is 
generally correlated with the low background levels of nitrogen and phosphorus 
in seawater (Nikolopoulou et al., 2007). Biostimulation, through the addition of 
nutrients, has been the most widely practised bioremediation strategy (McKew 
et al., 2007d). Low levels of phosphate and fixed forms of nitrogen in marine 
environments are most often the rate-limiting factors in the marine environment 
(Atlas and Bartha, 1972; McKew et al., 2007d), due to the rapid increase in the 
supply of carbon after a major oil spill (Venosa and Zhu, 2003).  
Reviews on the different forms of biostimulation fertilizers have been previously 
described (Swannell et al., 1996). Briefly, the use of slow release fertilisers is an 
approach to provide continuous sources of nutrients to microorganisms in oil 
contaminated areas (Nikolopoulou et al., 2007). SRF are normally in solid forms 
and consist of inorganic nutrients coated with hydrophobic materials like paraffin 
or vegetable oils. The major challenge for this technology is to control the 
release rates so that the optimal nutrient concentrations can be maintained in 
the water over long periods of time (Nikolopoulou et al., 2007). This is because 
the release of high levels of nutrients within a short time frame could lead to 
adverse ecological side effects such as toxicity to marine life and eutrophication 
with association to algal blooms (Atlas, 1995).  
Oleophilic fertilisers have been utilised to overcome the problem of water 
soluble nutrients being rapidly depleted (Nikolopoulou et al., 2007). The 
rationale for oil biodegradation is that it occurs at the water-oil interface; 
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oleophilic fertilisers are able to adhere to oil and provide nutrients at the oil-
water interface directly, thereby enhancing biodegradation. The Exxon Valdez 
spill was the stimulus for a major study on bioremediation through fertiliser 
application (Atlas, 1995). The study demonstrated there was a higher number 
than hydrocarbon degrading microorganisms and the rate of biodegradation 
was enhanced, as evidenced by the chemical change detected in recovered oil 
from reference sites (Atlas, 1995). However, the nutrient additive Inipol EAP22 
that was used is controversial due to the potential toxicity of the 2-butoxy-
ethanol component (Rodríguez-Blancoa et al., 2010). However, less toxic 
biostimulation additives have been developed through the use of organic 
fertilisers including polymerised urea and fishmeal (Nikolopoulou et al., 2007).  
The use of closed systems for the trial of oil biodegradation and biostimulation 
additives has been employed (Hii et al., 2009b; McKew et al., 2007d; 
Nikolopoulou et al., 2007; Yu et al., 2005). The limitations of these systems 
include being able to control the environmental conditions. In a closed system, 
the concentration of the biostimulation additive can be easily maintained. In the 
field, unknown and uncontrollable variables (unidirectional long shore currents, 
spatially distinct underground flows, prevailing winds, etc.) exist (Venosa et al., 
1996). In addition, miscellaneous organisms that are indigenous to marine 
environments and that actively predate bacteria and/or assimilate 
macronutrients to produce abundant alternative carbon sources are not always 
present in the microcosms of laboratory conditions; their absence could greatly 
affect microbial degradation of oil (Maki et al., 2003).  
Other additives include oxygen or electron acceptors. Biodegradation of 
contaminants in marine sediment environments is usually stimulated by adding 
electron acceptors, as the conditions are mostly anaerobic (Perelo, 2010).  
1.4.3.4 Bioaugmentation 
The structure and diversity of microbial communities determine their metabolic 
capacity (Rodríguez-Blancoa et al., 2010). After the occurrence of a marine oil 
spill, application of bioremediation techniques can involve the addition of 
hydrocarbon-degrading microorganisms, also termed seeding (Atlas, 1995). 
Naturally, there are hydrocarbon degrading bacteria and fungi which are widely 
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distributed in marine habitats and as a result bioaugmentation is sometimes 
less effective for treating an oil spill than biostimulation (Atlas, 1995). The 
rationale behind the application of bioaugmentation is that through the addition 
of known hydrocarbon degrading organisms to a contaminated site, the 
population will enhance degradation, especially if this capacity is insufficient or 
absent in the indigenous population.  
Seed cultures must be applied quickly to ensure the aim of shortening the lag 
period before the indigenous population outcompetes the newly introduced 
organisms (Atlas, 1995). However, the limitations of bioaugmentation include 
the competition with seed cultures by indigenous hydrocarbon-degrading 
organisms which are best adapted to the environmental site. The survival and 
degradation abilities of microbes introduced to a contaminated site are highly 
dependent on environmental conditions (Hosokawa et al., 2009). A study by 
McKew et al. (2007d) investigated the effects of bioaugmentation upon marine 
oil-degrading hydrocarbonoclastic bacteria. The results showed 
bioaugmentation to be successful, the addition of appropriate bacteria, with 
consideration of both the environment (nutrient availability) and pollutant 
(bioavailability) was found to be of paramount importance. This has led to 
microbial isolation and cultivation from oil and marine environments which have 
revealed a great variety of hydrocarbon-degrading organisms (Pantaroto De 
Vasconcellos et al., 2009). As a result, this has also led to the application of 
autochthonous bioaugmentation.  
The use of autochthonous bioaugmentation involves the isolation and 
enrichment of microorganisms indigenous to the site to be decontaminated 
(Hosokawa et al., 2009). The isolated microorganisms are cultivated and used 
as a re-inoculating bioaugmentation application. However, it is important to note 
that non-culturable members of these communities may also play an important 
role in oil degradation (Rodríguez-Blancoa et al., 2010). This leads to the 
second limitation, the development of the bioaugmentation microbes or 
consortia. There is no guarantee that the bioaugmentation additive will be 
successful in field trials despite its success in laboratory mesocosm based 
studies. The selected microorganisms that have beneficial traits for 
biodegradation must also be able to overcome biotic and abiotic stresses in the 
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environment in which they are introduced (Gentili et al., 2006). This lack of 
stable environmental conditions has led to the development of carrier materials 
(Mishra et al., 2001).   
1.4.3.5 Carrier materials 
Although bioaugmentation and biostimulation are two distinct bioremediation 
methods, they can be combined to form a complementary treatment method. A 
limitation of bioaugmentation is that simply adding a microorganism to the 
environment is not sufficient to produce positive results (Villanueva et al., 2007). 
Similarly, biostimulation will not always increase degradation with the addition of 
nutrients if the ability of microorganisms to breakdown the pollutant is not 
present. Therefore, the use of inoculant formulations involving carrier materials 
for the delivery and protection of microbial cells to natural ecosystems is an 
attractive option (Gentili et al., 2006).  
Carrier materials are generally intended to provide a protective niche to 
microbial inoculants, either physically, via the provision of a protective surface 
(or pore space), or nutritionally via the provision of a specific substrate (Gentili 
et al., 2006). The carrier material provides nutrients, moisture and physical 
support for the increased aeration needed by the microorganisms and also 
assists in extending the survival of the microorganisms until they are applied in 
the field (Mishra et al., 2001). Extending the survival of the microorganisms 
under field conditions is essential for efficient degradation of the toxic 
hydrocarbons, especially of the multi-ringed aromatic hydrocarbons and the 
recalcitrant ones as these are not degraded during the early stage of the 
process. In addition, an effective carrier should provide favorable conditions for 
survival as well as functioning of the inoculants cells and be non-toxic, non 
polluting, have a constant quality and be locally available at a low price (Gentili 
et al., 2006). Carrier materials are now being used to transfer microorganisms 
to the marine environment as they counteract the effect of dilution in open-water 
systems while encouraging the microbial biodegradation of oil (Simons et al., 
2013).  
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1.5. Tools for Assessing Remediation 
There are many molecular tools available to assess the remediation of 
contaminated environments. These tools can be separated into two main 
factors, those that are i) non traditional based and those that are ii) traditional. 
1.5.1 Non Traditional Based Techniques (non-molecular)  
Non traditional based techniques are methods which do not require polymerase 
chain reaction, a method used for nucleic acid amplification. Traditionally, 
culturing techniques were relied upon using culture media to maximise the 
recovery of microbial species for community analysis. However, in addition to 
plating methods, including MPN (most probable number) there are a wide range 
of methods which do not require PCR (Table 1.2). These non PCR based tools 
can be used to investigate substrate utilisation and degradation, toxicity 
assessment and community profiling.   
1.5.1.1 BiologTM plates 
BiologTM microplates have been used as a tool for assessing the hydrocarbon 
degradation potential of individual bacterial species for marine remediation 
(Kadali et al., 2012b). Biolog plates, also known as community level substrate 
utilisation (CLSU),  have been used to investigate carbon-source utilization 
patterns for mixed (or pure) microbial communities (Guckert et al., 1996). Biolog 
plates are 96 well plates that contain either a pre-dried added carbon source or 
contain no carbon source, which may be added by the user. All Biolog plates 
come with a tetrazolium violet redox dye that turns purple when the added 
microorganisms utilize the carbon source. Growth of aerobic, heterotrophic 
microorganisms in the well is indicated by a colour development, which can be 
colorimetrically quantified (Widmer et al., 2001). The Biolog data obtained is 
often referred to as community level physiological profile (CLPP). A 
standardised reference point, the average well colour development (AWCD), is 
calculated as the mean of the absorbance values for all 95 response wells per 
reading time. All well responses are then normalised to the AWCD for each 
plate to account for different inoculums densities (Guckert et al., 1996).  
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1.5.1.2 Ecotoxicity assays  
Ecotoxicity has been defined as “the science concerned with the toxic effects of 
chemical and physical agents on living organisms, especially on populations 
and communities within defined ecosystems, including the transfer pathways of 
those agents and their interactions with the environment” (Butler, 1978). The 
exploitation of organisms for ecotoxicity studies is in general used in 
accordance to the Organisation for Economic Co-operation and Development 
(OECD) and/or Environmental Protection Agency (EPA) guidelines. 
Environmental pollution has attracted considerable public attention over the 
past few decades (Peng et al., 2009). The major reasons for the control of water 
pollution and the consideration of bioremediation are firstly public health 
concerns followed by environmental conservation (Philip et al., 2005). 
Environmental contaminants include a variety of elements and compounds such 
as heavy metals, persistent organic pollutants and petroleum hydrocarbons and 
can have a range of mutagenic, carcinogenic and toxic properties (Fu et al., 
2008). While many hydrocarbons are naturally present in the environment, they 
have the potential to disrupt biological functions when accumulated at 
sufficiently high concentrations, such as an oil spill. Petroleum can cause harm 
to marine ecosystems through physical contact, ingestion, inhalation and 
absorption. These toxic effects can be both acute (lethal) and chronic (sub-
lethal) (Khan et al., 2005) and have the potential to persist in the marine 
environment for years after the incident. This may cause shifts in the natural 
marine population structure, species abundance, diversity and distribution. As a 
result ecotoxicity assays are important to ensure the contaminants breakdown 
by-products are not more detrimental to the environment than the original 
contaminating oil. There are a wide range of standardised ecotoxicity assay 
including Microtox, Brine shrimp and Phaeodactylum tricornutum (PT).  
Microtox is a standardised bioluminescence test which is based on the 
percentage of decrease in the amount of light emitted by natural bioluminescent 
marine bacterium Vibrio fischeri (Sanchez et al., 2011). The effective 
concentration, EC50, is defined as the concentration that produces 50% 
reduction of light. The EC50 can be measured after 5 minutes and 15 minutes 
contact time. The assays are amended with sodium chloride to obtain 
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favourable conditions for the marine bacterium (van Beelen, 2003). Brine 
shrimp, Artemia, are considered a useful tool for the preliminary assessment of 
toxicity in marine and brackish systems. The use of the test model can include 
hatchability assays, inhibition of cyst hatching and reproduction (Carballo et al., 
2002). Phaeodactylum tricornutum (PT) are a marine diatom used as a test 
species as changes in their growth rates can affect nutrient cycling as they 
serve as a vector for the higher trophic systems in the food web. It has been 
estimated that marine diatoms are responsible for approximately 40% of the 
oceans’ organic carbon production (Hook and Osborn, 2012).  
1.5.1.3 Gas chromatography (equipped with mass spectrometry) 
Gas chromatogram (GC) is a widely used analytical method in the examination 
of environmental samples including n-alkanes and phospholipids fatty acids 
(PLFA). The method is used to assess the extent of an oil spill and to assess 
the efficacy of the degradation process, for example through bioremediation or 
natural processes. GCs are commonly equipped with detectors, including Flame 
Ionisation Detectors (FID) or Mass Spectrometer (MS) to allow quantitative 
analysis of volatile hydrocarbons. The application of GC-MS can provide 
compound specific isotope differences by analysing the retention times and 
unique mass spectra (extracted by applied solvents including hexane, heptanes 
or acetone) (Thornton et al., 2011). The use of 1 dimensional (1D) GC is known 
as the conventional method; the 2D methodology is called the comprehensive 
method (Mondello et al., 2008). For increased separation of compounds, 
comprehensive gas chromatography / gas chromatography (GC-GC) is 
currently used. The primary column is typically non polar and results are 
expressed in minutes on the x-axis (Mondello et al., 2008). After modulation, a 
transfer device which introduces the primary column effluent into the secondary 
column, each fraction undergoes further analysis through a secondary column 
which is polar (Mondello et al., 2008) and is expressed in seconds on the y-axis. 
Aside from the GC, GC-FID, GC-MS, GC x GC, GC x GC-MS, a wide variety of 
other chromatography methods exists including high performance liquid 
chromatography (HPLC), thin layer chromatography (TLC) and isotope ratio 
mass spectrometry (IRMS). The use of IRMS is increasingly being used as the 
incorporation of stable isotopes are being applied in conjugation with 
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concentration data (Thornton et al., 2011). Various carbon containing 
compounds, labelled with 13C, have been applied to environmental samples as 
markers in order to determine changes in the 13C enrichment and therefore 
identify microbial utilisation by analysing phospholipid ester-linked fatty acids 
(PLFAs) by methods including gas chromatography / combustion / isotope ratio 
mass spectrometry GC-C-IRMS (Thornton et al., 2011).  
1.5.1.4 Phospholipids fatty acids (PLFA) 
PLFA analysis in marine environments is used to estimate microbial biomass, 
examine the microbial community structure, and also for studies on toxicity and 
environmental stress (Aries et al., 2001). Phospholipids are present in the 
cytoplasmic membranes of all cells (phytoplankton, zooplankton, bacteria) 
(Espinosa et al., 2009) and constitute a significant proportion of organism 
biomass (Malik et al., 2008). The knowledge of such signature molecules 
comes from the use of fatty acid methyl ester (FAMES) analysis for bacterial 
taxonomy (Hill et al., 2000). PLFAs are rapidly decomposed after cell death and 
therefore the presence of total PLFAs are indicative of viable cells in marine 
samples (Espinosa et al., 2009). In addition, microorganisms have the ability to 
change the lipid composition of their membranes in response to environmental 
conditions (temperature, nutrients, and chemicals). The influence of xenobiotics 
(heavy metals, aromatics and aliphatic alcohols, and organic solvents) on fatty 
acid composition have been characterised by their ability to adapt to the 
presence of these compounds (Aries et al., 2001). These changes in PLFA 
patterns under different environmental stress conditions are used as biomarkers 
to describe the community structure and physiological state of certain microbial 
taxa (Malik et al., 2008). However, changes in growth conditions and/or 
environmental stresses can vary the amount and type of fatty acids bacteria and 
fungi produce. Therefore, if there is variation in the signatures that they produce 
this would result in a false community estimation as the method relies on 
signature fatty acids to determine whole community structures (Hill et al., 2000).   
1.5.1.5 Stable isotope probing (SIP) 
Stable isotope probing (SIP) is a cultivation independent technique used to link 
the identification of microorganisms with their function in the environment (Uhlík 
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et al., 2009). The basis of SIP is on the incorporation of the stable isotope 
labelled substrates into the cellular biomarkers that can be used to identify the 
organism utilising the substrate (Malik et al., 2008). DNA and rRNA are the 
most taxonomically informative biomarkers and they offer the ability of 
identifying a broad spectrum of microorganisms involved in a particular process 
(Uhlík et al., 2009). The ability to isolate an entire copy of the genome of 
microorganisms involved in the metabolism of a substrate makes SIP unique 
and provides advantages over other techniques when attempting to link 
metabolic activity with taxonomic identity (Radajewski et al., 2000). However, 
the sensitivity of this method is dependent on the initial extraction, purification of 
DNA/RNA processes, and downstream analysis of the labelled material (Malik 
et al., 2008). In addition insufficient substrate incorporation and incubation with 
DNA/RNA-SIP can lead to enrichment bias that does not represent the natural 
substrate metabolism in the environment.  
Table 1.2: Non traditional based remediation assessment techniques 
Technique Application Advantage Disadvantage 
BIOLOG
TM 
Plates  Carbon-source utilization 
patterns for pure or mixed 
microbial communities 
 
 Select substrate utilisation 
 Sufficient cell 
density to reduce 
tetrazolium dye 
required 
Ecotoxicity 
Assays 
 
 
 Determine acute and 
chronic toxicity effects 
during mineralisation 
 
 Wide range of assays  Not a mandatory 
assessment 
Gas 
Chromatography-
Mass 
Spectrometry 
 
 Total Petroleum 
Hydrocarbon (TPH) 
concentration 
 
 
 Identification and  
quantification of 
hydrocarbon 
concentrations 
 
 Destructive 
sample required 
 
Phospholipids 
Fatty Acids 
 Examines the microbial 
community structure and  
determine the toxicity of 
environmental stresses 
 
 Relatively fast and cheap 
method 
 Does not provide 
community 
composition  
Stable Isotope 
Probing 
 Linkage of microorganism 
identity with function 
 Isolation of an entire 
community involved in 
the metabolism of a 
substrate 
 Highly dependent 
on separation 
during 
ultracentrifugation 
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1.5.2 Traditional  Based Techniques (molecular) 
Traditional based methods are those which require PCR for amplification of 
nucleic acids as part of their methodology in order to examine microbial genetic 
information (Table 1.3). In order to examine the genetic marker material, the 
total DNA/RNA of environmental samples is extracted. Multiple DNA/RNA 
extraction methods are often used including bead beating, enzymatic lysis, 
detergents and solvent extractions to obtain purified nucleic acids. The 
extracted DNA/RNA is used as a template for amplification to characterise the 
microorganisms present in the environmental samples. Analysis of the amplified 
PCR products is commonly achieved by amplifying 16S rRNA genes. The gene 
is present in almost all bacteria and contains highly conserved regions. For this 
reason, the 16S rRNA gene is commonly used as a housekeeping genetic 
marker for the study of bacterial phylogeny and taxonomy.  
 
1.5.2.1 Polymerase chain reaction (PCR)  
Polymerase chain reaction (PCR) is an iterative process, consisting of three 
elements; denaturation of the template by heat, annealing of the 
oligonucleotides primers to a single stranded target sequence and extension of 
the annealed primers by a thermostable DNA polymerase. PCR is the most 
widely used method for the amplification of the 16S rRNA, or its genes, prior to 
profiling studies. The 16S rRNA gene is targeted because it is essential to all 
living prokaryotes and helpful in tracing phylogenetic relationships due to the 
availability of ribosomal databases (Sakurai et al., 2007). PCR amplification is 
dependent on the extraction and purification of nucleic acids of sufficient yields 
and quality from environmental samples (Malik et al., 2008). The efficiency of 
PCR amplification can be hindered by the presence of inhibitory substances 
including humic acids, organic matter and clay particles. In addition sample 
collection, transportation and storage of samples prior to extraction may bias 
the microbial analysis of native communities.  
PCR can be used to estimate the concentration of a particular target DNA or 
RNA relative to a standard. Real time reverse transcription PCR is used to 
quantify gene expression and to confirm differential expressions of genes 
detected by array techniques (Sambrook and Russell, 2001). Real time reverse 
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transcription PCR uses fluorescent markers to quantify the product after each 
amplification cycle and the amount of fluorescence is directly related to the 
amount of product after each cycle (Malik et al., 2008).  The ability to quantify 
the amplified product during the exponential phase of the PCR, when none of 
the components of the reaction are limiting, results in an improved precision in 
the quantification of the target sequence (Sambrook and Russell, 2001). 
Because of the high sensitivity of fluorimetric detection, real time reverse 
transcription PCR is capable of measuring the concentration of nucleic acids 
over a vast dynamic range and has the capacity to process many samples 
simultaneously.  
PCR molecular methods targeting key functional genes coding several 
hydrocarbon degrading enzymes have been used to assess biodegradation 
processes due to their highly conserved sequences (Hamamura et al., 2008). 
Several key enzymes have been identified in the bacterial alkane oxidation 
pathways such as alkane hydroxylase, dioxygenases and methane 
monooxygenase (Paisse et al., 2011). The AlkB protein from Pseudomonas 
putida is currently the best characterised alkane hydroxylase (Figure 1.4). 
Briefly, alkB hydroxylates alkanes at the terminal position and requires electron 
transfers from the proteins rubredoxin (alkG) and rubredoxin reductase (alkT). 
The gene encoding alkane hydroxylase (alkB) is widely disturbed amongst 
bacteria including Pseudomonas, Acinetobacter, and Rhodococcus (Liu et al., 
2011). In addition, numerous other targets have been chosen for PCR 
amplification including naphthalene dioxygenase (ndoB) for naphthalene, and 
catechols 2, 3- dioxygenase (C23DO) and toluene mono-oxygenase (tmoA) 
genes for hydrocarbons such as benzene, xylene and toluene (Hendrickx et al., 
2006). 
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Figure 1.4: Organisation of alk genes in Pseudomonas putida (Adapted from 
Smits et al. (2002)); alkB, alkane hydroxylase; alkF, rubredoxin 1; alkG, 
rubredoxin 2; alkH, aldehyde dehydrogenase; alkJ, alcohol dehydrogenase; 
alkK, acyl coenzyme A (acyl-CoA) synthetase; alkL, outer membrane protein; 
alkS, regulatory protein; alkT, rubredoxin reductase.  
1.5.2.2 Terminal-restriction fragment length polymorphism (T-RFLP) 
Terminal restriction fragment length polymorphism is a quantitative molecular 
method for rapid analysis of complex microbial communities. This technology is 
an extended methodology of an existing technique, amplified rDNA restriction 
analysis (ARDRA). Briefly, using universal primers rDNAs are amplified by 
PCR, the product is digested with restriction enzymes with 4-bp recognition 
sites (Liu et al., 1997). The restriction digests for isolates or clones are then 
analysed on relatively low- resolution agarose gels. For community analysis to 
gain community specific patterns polyacrylamide gels are used. T-RFLP has the 
same initial steps of DNA isolation, PCR amplification and restriction enzymes; 
however, one of the primers used is fluorescently labelled. T-RFLP relies on 
variations in the positions of restriction sites among sequences and determines 
the length of the fluorescently labelled terminal restriction fragment by high 
resolution gel electrophoresis on an automated DNA sequencer (Malik et al., 
2008).  This method can be used to analyse DNA from complex microbial 
communities providing a sensitive and rapid means for assessing community 
diversity, species richness and evenness and distinctive profiling (Liu et al., 
1997). Although T-RFLP is sensitive and analyses with high resolution, the 
technique is dependent on the initial steps. Differences in gene copy number 
between species and biases introduced during cell lysis, DNA extraction and 
PCR amplification may yield a mixture of products that do not accurately reflect 
the order of abundance of the original community DNA template (Liu et al., 
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1997).  In addition, different enzymes will produce different community profiles 
and incomplete digestion may lead to an overestimated diversity, therefore 
multiple restriction enzymes are used (Malik et al., 2008). Furthermore, the 
method requires clone libraries to obtain identities of key species which has its 
limitation including labour intensive, time consuming and cost factor (Rastogi 
and Sani, 2011).  
1.5.2.3 Denaturant gradient gel electrophoresis (DGGE) / Temperature 
gradient gel electrophoresis (TGGE) 
Denaturant / Temperature Gradient Gel Electrophoresis techniques separate 
DNA sequences (double stranded DNA molecules) based on their differential 
melting points along a linear gradient of DNA denaturants or linear temperature 
gradients respectively (Muyzer, 1999). The linear denaturant gradient is formed 
in a polyacrylamide gel with the denaturants urea and formamide. As these 
DNA fragments move across the gradient (at constant voltage) they begin to 
partially melt when they reach what are called their melting domain (stretches of 
base pairs with identical melting temperatures).  The melting behaviour of the 
DNA sequence is highly sequence based. Therefore, DNA sequences of the 
same length but different base pair composition will have different melting 
behaviours. When a DNA molecule is (partially) melted, the fragment undergoes 
a conformational change from a helical to a partially melted structure which 
results in a different electrophoretic mobilities across an increasing denaturing 
or temperature gradient (Wu et al., 1998). Different DNA fragments migrate to 
different distances on the gel and have been shown to be capable of 
differentiating between DNA sequences that differ by only a single base pair 
(Wu et al., 1998). The ability of DGGE / TGGE to detect different sequences is 
usually enhanced by the presence of a GC clamp. A GC clamp is a guanine-- 
(G) and cytosine- (C) rich sequence that is attached to the high melting domain 
region (3’ -5’ end) of one of the primers for PCR amplification, which prevent 
complete melting of the fragment. After staining (SYBR gold or silver staining) 
bands are visualized at the position in the gel where DNA fragment migration 
stopped.   
The advantages of DGGE/TGGE is that the method is simple, relatively 
cheap, fast and is a highly sensitive technique which can be refined by using 
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group specific primers (Hamamura et al., 2008).  These techniques enable 
numerous samples from diverse sources (water or soil) to be simultaneously 
analysed, monitoring the changes in the community structure and providing a 
view of the dominant microbial species within the samples. The limitations of 
DGGE however are associated with the size of the amplified PCR products, 
limited to 500 bp. The limited fragment size may lack the specificity required for 
the phylogenetic identification of some organisms (Malik et al., 2008). Other 
limitations include different sequences may have identical mobility’s or multiple 
bands may occur for a single species. Although short PCR fragments are 
produced, the information received in conjunction with statistical analysis and 
community dynamics including species richness and evenness, are essential 
parameters which are gained for defining the community structure and diversity 
(Liu et al., 1997).   
1.5.2.4 Sequencing 
The Sanger sequencing method is a commonly used DNA sequencing 
technique (Morozova and Marra, 2008). It is a method which is based on the 
DNA polymerase-dependant synthesis of a complementary DNA strand using 
fluorescent dyes to differentiate between the four different bases. 16S rRNA has 
been highly studied and has been successful in reconstructing phylogenies and 
profiling the microbial diversity amongst various environmental samples 
(Lakshmi, 2010). Unfortunately, there are a large number of uncultured 
prokaryote 16S rRNA genes in the Genebank database, outnumbering the 
cultured entries. Although the number of uncultured microorganisms is a 
limitation in describing the phylogenetic diversity, the greater challenge is in 
assigning functionality to individual species which is vital for understanding 
natural environmental processes (Lakshmi, 2010). Drawbacks of Sanger 
sequencing are that the process can only sequence specimens individually, 
therefore, to be able to process an entire environmental sample, such as soil, is 
inadequate (Shokralla et al., 2012).  
 Next generation sequencing (NSG)  amplifies DNA fragments in vitro and 
does not rely on Sanger chemistry (Miller et al., 2010; Morozova and Marra, 
2008). The range of commercially available NGS techniques can be classified 
by two main categories, PCR based technologies and single molecule 
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sequencing (SMS) (Shokralla et al., 2012). The PCR based technologies 
include; i) Roche 454 Genome sequencer (Roche diagnostic Corp.), ii) 
HiSeq2000 (Illumina Inc.), iii) AB SOLiD System (Life Technologies Corp.) and 
iv) Ion Personal Genome Machine (Life Technologies). The SMS category 
includes i) Heliscope (Helicos Bioscience Corp.) and ii) PacBio SMRT (Pacific 
Biosciences) which, prior to sequencing, require no amplification step. These 
two categories have recently been critically reviewed (Bentley et al., 2008; 
Mardis, 2008; Metzker, 2010; Shokralla et al., 2012; Thomas et al., 2012) 
outlining the ability to directly sequence DNA from environmental samples. 
Further advancements in increased database entries of identified organisms, in 
conjunction with simplicity in computational analysis will aid in the future of next 
generation sequencing.   
 
 
 
Table 1.3 : Traditional based community analysis techniques 
Technique Application Advantage Disadvantage 
Denaturant / 
Temperature 
Gradient Gel 
Electrophoresis 
 
 Microbial communities 
profiles and 
identification through 
band excision 
 
 
 Samples from diverse 
sources can 
simultaneously 
examine changes in 
the community 
structure providing a 
view of the dominant 
microbial species 
 
 
 Limited sequence 
information as 
fragment size limit  
of  500bp 
 
Real-time PCR  Quantify gene 
expression 
 Confirm differential 
expression of gene 
detected by array 
techniques 
 Capable of measuring 
the concentration of 
multiple nucleic acids 
over a vast dynamic 
range 
 
 Prior sequence 
data of target gene 
of interest 
Sequencing  Identify bacterial 
species within a 
community 
 Metagenomics  Limited to 
database entries 
Terminal Restriction 
Fragment Length 
Polymorphism 
 Quantification of 
complex microbial 
communities 
 Sensitive and high 
resolution analysis of 
complex microbial 
populations 
 Multiple restriction 
enzymes needed 
to analysis 
microbial 
population 
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1.6 Aims 
The aim of this study was to improve fundamental knowledge of weathered 
crude oil biodegradation in marine environments by developing novel 
bioremediation treatments. The information obtained from this thesis will assist 
in future developments of bioremediation treatments for degradation of oil in 
marine environments.  
The specific objectives of this study are to: 
1) Determine the indigenous hydrocarbonoclastic community that has been 
selected on weathered oil,  
2) Develop novel bioremediation treatments for enhancing the degradation of 
weathered oil and range of targeted PAHS, 
3) Conduct a pilot scale study of an optimised novel treatment system 
assessing potential ecotoxicity and rates of degradation of key components,   
4) Evaluate and identify the active hydrocarbon degrading community members 
using stable isotope probing.   
This thesis contains 8 main chapters. Chapter 1 is a comprehensive literature 
review which summaries the fundamentals of marine contamination and 
remediation treatment options and assessments. Chapter 2 contains general 
details of the experimental materials and methods used in this study. Specific 
materials and methodologies are given in detail in the relevant result chapters 
(Chapters 3, 4, 5 & 6). Chapter 3 represents the first results chapter and 
describes the treatment of natural attenuation by the weathered oil microbial 
community. Chapter 4 describes the development of two novel carrier material 
treatment options for weathered oil degradation. Chapter 5 describes a pilot 
scale study of the optimal carrier material from Chapter 4 for degradation of 
weathered oil. Chapter 6 describes the use of stable isotope probing to evaluate 
hydrocarbon degrading communities. Chapter 7 is an overall discussion and 
conclusion of the research conducted in this thesis. Lastly, Chapter 8 contains 
references which were cited in Chapters 1, 2 and 7.  
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Chapters 3, 4 and 6 have been published in international peer-reviewed 
journals and have been reproduced in their published form. Chapter 5 has been 
submitted to Marine Pollution Bulletin (MPB-D-13-00869) and appears in the 
submitted format.  
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CHAPTER 2 
Materials and Methods 
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2.1 Media 
All media in this section was prepared in Milli-Q water (Millipore Ultra-Pure 
Water System) and autoclaved at 121 °C for 15 min before use. 
2.1.1 Marine agar and broth 
Marine agar and marine broth (Difco 2216, BD) was prepared following the 
manufacturer's instructions.  
2.1.2 Minimal salts medium (MSM) agar and broth  
MSM broth (pH 7) consisted of : MgSO4 0.2 g/l; CaCl2 0.02 g/l; KH2PO4 1 g/l; 
K2HPO4 1 g/l; NH4NO3 1 g/l and FeCl3 0.05 g/l. MSM agar had the addition of 
2% agar (LP0013, Oxoid) and 0.2 % oil.  
2.1.3 Nutrient broth 
Nutrient broth (CM0001, Oxoid) was prepared following the manufacturer's 
instructions.  
2.1.4 Phosphate buffered saline (PBS) 
PBS consisted of  8 g/l NaCl; 0.2 g/l KCl; 1.44 g/l Na2HPO4 and 0.24 g/l 
KH2PO4, pH 7.4.   
2.1.5 Vibrio fischeri agar and broth 
Vibrio fischeri agar consisted of 23 g/l NaCl; 10 g/l nutrient broth (CM0067, 
Oxoid) and 0.01 % v/v glycerol. Vibrio fischeri agar has the addition of 15 g/l 
technical agar ( LP0013, Oxoid).  
2.2 Microorganisms and maintenance 
2.2.1 Consortium strains 
The bacterial strains used in this research (Table 2.1) were isolates from a 
former coastal oil refinery site in Australia and identified by 16S rDNA 
sequencing as previously described by Kadali et al (2012b). For their use in the 
tank trials they were individually grown in nutrient broth (CM0001, Oxoid) 
supplemented with 1.5% NaCl at 25°C until reaching an OD 600 nm between 
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0.5-1.0. Upon reaching the desired OD, cells were concentrated and 
resuspended in PBS.  
 
Table 2.1: Bacterial strain numbers and identity of tank trial consortium members 
Strain number Species Accession number 
Maximum identity 
(%) 
 
FUCC23 
 
 
Arthrobacter sp. 
 
 
HE578015 
 
99 
FUCC27 
 
Pseudomonas sp. 
 
JF778683 
 
99 
FUCC30 
 
Arthrobacter aurescens 
 
EU086809 
 
99 
FUCC31 
 
Pantoea agglomerans 
 
FJ999930 
 
84 
FUCC65 
 
Pseudomonas sp. 
 
JF778683 
 
97 
FUCC81 
 
Planomicrobium alkanoclasticum 
 
NR024864 
 
99 
FUCC = Flinders University Culture Collection 
 
2.2.2 Ecotoxicity cultures 
Phaeodactylum tricornutum 
Phaeodactylum tricornutum were cultured in F2 medium supplemented with 
NaNO3 (75 g/l), NaH2PO4 (5 g/l), trace metals and biotin (0.1 g/l) (Guillard and 
Ryther, 1962). The cultures were rotated on a shaker at 100 rev min-1 at a 
temperature of 22 ± 2°C and illuminated continuously by cool-white fluorescent 
4000 lux bulbs.  
Microtox 
Vibrio fischeri strains were cultured in Vibrio fischeri broth and rotated on a 
shaker at 100 rev min-1 at 25°C.   
Artemia   
Artemia (Brine shrimp) eggs were brought from a local aquarium store 
(Adelaide, Australia) and kept in a dry, cool environment prior to use. To hatch, 
the eggs were placed in seawater and aerated.  
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2.3 Determination of total petroleum hydrocarbons (TPH) 
For total recoverable hydrocarbon concentration analysis, surface seawater 
samples were collected in sterile glass containers (provided by MGT-Labmark 
Australia). Directly after sampling, the samples were sent to MGT-Labmark 
Australia for analysis. Initial oil and residual oil concentrations were sampled by 
removing 2 g of oil from the contaminated tank in sterile containers. Directly 
after sampling, the samples were sent to Flinders Advanced Analytical 
Laboratory for analysis.   
 
2.4 Molecular Techniques 
2.4.1 Genomic DNA/RNA extraction 
Extraction of genomic DNA and RNA were performed by using a phenol-
chloroform extraction method. Bacterial community samples were transferred to 
sterile tubes (2 ml) containing glass beads (0.5 g, size 212-300 µm) and sodium 
phosphate buffer (SPB, pH 7.9). The cells were lysed by bead beating for 2 x 20 
s (Mini Bead Beater K9, BioSpec), with samples kept on ice in between beats. 
After centrifugation (12,000 xg for 5 min at 4°C) the aqueous layer was removed 
and purified with phenol-chloroform-isoamyl alcohol (25:24:1). This step was 
repeated for further purification. The DNA was precipitated by adding an aliquot 
(0.1 v/v) of sodium acetate (3 M) and ice-cold filter sterile isopropanol (0.6 v/v), 
which was incubated at -20ºC for ≥ 2 h. After incubation, the precipitated nucleic 
acids were centrifuged, washed with 70% ethanol, and air dried. 
After evaporation of the remaining ethanol solution, sterilised molecular grade 
water (30-50 μl) was added to resuspend the DNA/RNA. For RNA extraction, 
RNase-Free DNase (Promega, USA) was used to degrade both double-
stranded and single stranded DNA.  
2.4.2 PCR reactions and verification 
The PCR machine used in the research was a T100 Thermocycler (Biorad, 
USA). The size and quality of genomic nucleic acids and fragments generated 
from PCR were determined by electrophoresis using 1 - 2% (w/v) agarose gels 
stained with 1 x SYBR safe™ nucleic acid stain (Invitrogen, USA). PCR 
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products were mixed with 6 x loading buffer (Promega,USA) and 
electrophoresed in 1 x TAE running buffer (40 mmol-1 Tris-HCl, 40 mmol-1 acetic 
acid, 1 mmol-1 EDTA) at 60 V. The PCR products were visualised by a standard 
UV transiluminator and/or a blue light transiluminator.  
2.4.3 Amplification of 16S ribosomal DNA 
PCR primer sets 341F (5′-CCTACGGGAGGCAGCAG) with GC clamp (5′-
CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGG) and 518R 
(5′-ATTACCGCGGCTGCTGG) were used to amplify the 16S ribosomal region 
of the bacterial community (Muyzer et al., 1993). They were used to amplify a 
233 bp product. The PCR mix contained 5 x GoTaq Flexi buffer, 25 mM MgCl, 
10 mM dNTP mixture, Taq polymerase (5 U/μL) (Promega, USA), and sterile 
nuclease free water. The cycle conditions were performed as follows: 95°C of 5 
min, followed by 4 cycles of: 35 s at 94°C, 30 s at 55°C and 1 min at 72°C. This 
was followed by 25 cycles of: 30 s at 92°C, 30s at 55°C, and 1 min at 72°C and 
a final extension at 72°C for 10 min and 4°C for 1 min.    
2.4.4 Amplification of complementary DNA  
Transcription of RNA into cDNA was performed with GoScriptTM Reverse 
Transcriptase (Promega, USA) using reverse primer 518R. The PCR primer 
sets used to amplify the cDNA were 341 F with GC clamp and 518R.  
2.5 Denaturant gradient gel electrophoresis (DGGE) 
DGGE was used to separate and analyse the microbial community of PCR 
amplified amplicons. DGGE analysis of the PCR amplicons was performed 
using a D-Code System (BioRad, Hercules, CA, USA). Polyacrylamide gels (9% 
w/v; 37:5:1, acrylamide: bisacrylamide) were formed on Gelbond plastic 
(Cambrex Bioscience Rocklands Inc, USA) made with a denaturing gradient 
from 40 – 65 % (where 100% contains 7 mol-1 urea and 40% formamide).  
According to amplicon concentration assessed by agarose gel electrophoresis 
an allocated amount (10-20 µl) was loaded (mixed with 6 x loading buffer) into 
each DGGE well. Markers (1Kb, Promega, USA) were used as controls. The 
polyacrylamide gel was performed at a constant voltage of 60 V for 18 h at 60°C 
in 1 x TAE running buffer.  
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2.5.1 DGGE staining  
The DGGE gel was stained using silver impregnation (McCaig et al., 2001). The 
DGGE gel was incubated in fixing solution (10 % ethanol, 0.5% glacial acetic 
acid, 89.5% H2O) for 2 h followed by incubation in silver nitrate solution (0.2 g 
silver nitrate in 200 ml dsH2O, w/v) for 20 min. The gel was then developed 
(0.02 g sodium borohydride, 0.8 ml formaldehyde, 3 g sodium hydroxide in 200 
ml dsH20, w/v) for 30 min. After incubation in the developing solution the gel 
was then fixed in 0.75% sodium carbonate solution for 10 min. Finally the gel 
was preserved by soaking in preservative solution (125 ml absolute ethanol, 50 
ml glycerol in 325 ml dsH20, v/v) for 10 min. After staining the gel was scanned 
with EPSON Expression 1600 V.2.65 E software.  
2.5.2 DGGE band pattern analysis 
The digitized image was analyzed with Phoretix 1D advanced analysis package 
(Phoretix Ltd., UK) with the relatedness of the microbial communities being 
expressed as similarity clusters with the unweighted pairgroup method with 
mathematical averages (UPGMA). The bacterial community diversity was 
determined with Shannon Weaver Diversity Index (H’) using the formula –Σ pi 
LN pi (Patil et al., 2010) .  
2.6 Stable Isotope Probing (SIP) 
SIP was used to separate labelled and unlabeled substrates by equilibrium 
density gradient centrifugation and gradient fractionation (Manefield et al., 
2002). SIP ultracentrifugation was performed using either a TLA 100.3 rotor 
(Beckman Coulter) in an Optima TLX Ultracentrifuge (Beckman Coulter, USA) 
at 150,000 x g at 20°C for 24 h or a NVT90 rotor (Beckman Coulter, USA) in an 
Optima L-100 XP ultracentrifuge (Beckman Coulter, USA) at 86,000 x g at 20°C 
for 24 h. After centrifugation, gradients were fractionated from below by 
displacement with water using a syringe pump at a flow rate of 3.3 µl s-1. The 
buoyant density of each gradient fraction was determined by weighing known 
volumes on a four-figure milligram balance. The RNA from selected fractions 
was isolated by isopropanol precipitation.    
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2.6.1 Gradient preparation 
Extracted RNA concentrations were determined by a Nanodrop 
spectrophometer and the volume of sample needed to obtain between 500-800 
ng was calculated. For a 5.1 ml volume gradient, 4.080 ml of 1.99 g ml-1 CsTFA 
(GE Healthcare, UK) was combined with 0.153 ml deionised formamide (Sigma-
Aldrich, USA). The required volume of RNA was added and molecular grade 
water was used to make up the solution to 5.1 ml. The premixed gradient 
medium was added to a Quickseal polyallomer centrifuge tube by a syringe and 
needle ensuring there were no air bubbles to displace the gradient. The tube 
was sealed with a heat sealer (Beckman, USA) and place in the ultracentrifuge 
rotor with shoulder caps on top of the tube to support the tube.   
2.7 Sequencing  
DNA quantifications were measured using a NANODROP 1000 
spectrophotometer (Thermo Scientific, Madison, Wisconsin). PCR products 
were sequenced by the Australian Genome Research Facility (AGRF) using an 
automated 149 sequencer AB3730 × l. Nucleotide sequences were analysed 
using SEQUENCHER software (Sequencer Version 4.1.4) and homology 
searches were completed with the Basic Local Alignment Search Tool (BLAST) 
server of the National Centre for Biotechnology Information (NCBI) using a 
BLAST algorithm (http://www.ncbi.nlm.gov.library.vu.edu.au/BLAST/).  
2.8 Statistical analysis 
Where necessary statistical significance was determined in replicate samples 
by analysis of variance (ANOVA) and Tukey tests (IBM SPSS, Statistics 20). 
Statistical significance was accepted at P< 0.05.  
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Abstract  
The application of recycled marine materials to develop sustainable remediation 
technologies for marine remediation was assessed. The remediation strategy 
consisted of a shell carrier mounted bacterial consortium composed of 
hydrocarbonoclastic strains enriched with nutrients (Bioaug SC). The pilot scale 
application (5000 l), examined the ability of Bioaug-SC to degrade weathered 
crude oil (10 g l-1; 315,000 ± 44,000 mg l-1) and assess the impacts associated 
with the introduction and biodegradation of oil. Total petroleum hydrocarbon 
mass was effectively reduced by 53.3 (± 5.75) % to 147,000 (± 21,000) mg l-1 
within 27 weeks. 16S rDNA bacterial community profiling using Denaturant 
Gradient Gel Electrophoresis revealed the microbial community was dominated 
by Cyanobacteria and Proteobacteria. Aquatic toxicity assessment was 
conducted by ecotoxicity assays using brine shrimp hatchability, Microtox and 
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Phaeodactylum tricornutum. This study revealed the importance of combining 
ecotoxicity assays with oil chemistry analysis to ensure safe remediation 
methods are developed.  
 
1. Introduction 
In the marine environment, petroleum is naturally found in subsurface reservoirs 
and other underground formations. As the global demand for energy continues 
to increase, the dependency on offshore drilling to extract oil or natural gas in 
areas such as the outer continental shelf, including regions in deepwater, 
continues (Skogdalen et al., 2011). In addition, transportation through vessels 
and pipelines is critical to ensure the consistent delivery of petroleum. 
Therefore, as long as it is economically viable, oil exploration in marine 
environments will continue in order to meet these energy demands. As a result 
of these activities, there can be significant impacts associated with accidental 
discharge of oil on the environment, human health and industries, including 
tourism and fisheries. Whilst new technologies in locating, extracting and 
exporting oil have reduced environmental impacts, such as reducing the zone of 
seafloor disturbance, altering drilling fluids with mineral oils and synthetic fluids 
and introducing double hulled vessels (Ball et al., 2012) the risk of marine oil 
spills are still current and therefore, effective remediation treatments are vital. 
These remediation technologies need simplicity in application, easy to apply 
and economically sound to source, to ensure their application in a global 
context (Simons et al., 2012).  
Following an oil spill, conventional oil remediation methods such as physical 
removal with booms, skimmers and absorbent materials must be deployed 
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promptly as these can transfer (remove) oil from the surface water layer, 
although they rarely achieve complete removal. The use of chemical methods 
involving mixtures of surfactants and solvents, disperse the oil into droplets 
relieving stress from marine mammals and birds. However, these methods do 
not remove the oil from the environment and can be potentially toxic 
(Nikolopoulou and Kalogerakis, 2011; Zahed et al., 2011). Bioremediation is a 
branch of environmental biotechnology that utilizes living organisms to 
accelerate biological degradation and/or precipitation of pollutants (Osborne et 
al., 2004). Intervention via bioremediation involves two main methodologies; 
bioaugmentation and biostimulation. Bioaugmentation is the addition of 
microorganisms which have the capacity to metabolize and grow utilizing the 
contaminants of interest to a contaminated site (Nikolopoulou and Kalogerakis, 
2011). Biostimulation is a method used to stimulate the indigenous bacteria 
naturally present within the contaminated site by modifying environmental 
conditions through actions such as addition of nutrients (Kouzuma and 
Watanabe, 2011). These two methods form a complementary treatment method 
when combined with a carrier material.  
Recent studies by Simons et al. (2012) and Simons et al. (2013) selected 
mussel shells as a carrier material due to their highly favourable attributes 
including absorbance capabilities, recycling of waste products, simplicity of 
application and effectiveness of providing a protective niche to the 
bioaugmentation strains.  Simons et al. (2012) showed that modified mussel 
shells, inoculated with hydrocarbon degrading microorganisms, were able to 
degrade the hydrocarbon source by 55% (123.3 mg l-1 from 276 mg l-1) in 
nutrient rich medium over a 30 d period. The carrier substrate is a critical part of 
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the bioremediation process in marine environments and must be capable of 
supporting high numbers of the intended microbes to achieve enhanced rates of 
degradation (hydrocarbon) through interaction within the oil (Yardin et al., 
2000). Further development by Simons et al. (2013a) modified the carrier 
material incorporating bacteria (Kadali et al., 2012a) and nutrient sources to 
shell grit. The carrier material was trialled in seawater tank mesocosms (50 l) 
contaminated with weathered oil (1% w/v) for 12 weeks. The results showed 
after 12 weeks, the Bioaug-SC reduced the hydrocarbon source by 75 ± 14% 
(>C32), which was significantly different to the seawater-oil control which only 
degraded 20% ± 1.42%.  
The surface of the carrier material encourages the natural formation of biofilms, 
structured microbial communities, where the microbes gain high tolerance to 
physical, chemical and biological stresses (Gorbushina and Broughton, 2009). 
These structures allow multiple species to work together providing a protective 
matrix for the consortia to degrade the hydrocarbon substrates (Singh et al., 
2006).  In addition, an advantage of the use of light weight carrier materials, 
such as shell grit, is their difference in buoyancy. These differences are an 
important component as they enable carrier materials to interact with the oil 
through the water column and therefore, enhance degradation. 
Previous work has shown bioaugmentation and biostimulation bioremediation 
technologies using  mussel shells (Bioaug-SC) as a carrier material were 
successful for biodegradation of a weathered hydrocarbon source in a tank 
mesocosm study  (Simons et al., 2013). However, the research of Simons et al. 
(2013) was limited to testing the developed bioremediation technology (Bioaug-
SC) in a small volume of contaminated seawater (50 l). Given that the 
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technology will eventually be applied to large-scale contamination events, it is 
important that its affectivity be demonstrated in greater volume of contaminated 
seawater. In addition, previous investigations did not examine the effect of the 
technology on the functionality of the microbial community in the treated 
seawater. Enhanced degradation by the indigenous seawater microbial 
community would be desirable and beneficial to the bioremediation process. 
Therefore in this study, we investigated the efficacy of the application of the 
newly developed Bioaug-SC mounted bacterial consortium in a simulated 
marine remediation scenario using 5000 l of contaminated seawater.  We also 
investigated the effects of adding Bioaug-SC on the functionality of the 
indigenous microbial community over the experimental period (27 weeks) using 
MT2 Biolog plates. Changes in the microbial communities associated with the 
degradation of weathered crude oil under natural environmental conditions and 
the impact of the introduction of the exogenous micro-organisms on the 
indigenous microbial community structure and diversity were investigated using 
16S rRNA gene based PCR-DGGE-Sequencing methodologies.  
 
2. Material and Methods 
2.1 Tank design  
The experimental design consisted of two open system circular fibreglass tanks 
(dimensions 1.25 m height, 3.2 m diameter) subject to natural elements and 
southern hemisphere seasonal conditions (Table 1). The tanks were aerated 
using compressed air from a central compressor system via tubing attached 
with air stones that were evenly spaced around the edge of the tanks. Five 
thousand liters of natural Gulf of St. Vincent (South Australia) seawater (10 µm 
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filtered) was added to each tank. Weathered crude oil sludge (1% w/v; 50 Kg) 
was added to one of the tanks to simulate a marine oil spill scenario. The 
contaminated tank was left for 48 h for the water and oil to associate before the 
addition of the carrier material. At selected time points (Weeks 0, 6, 9,12,15,18, 
& 27) seawater from the uncontaminated and Bioaug-SC tank were collected 
(prior to manual mixing of tanks) for analysis including residual oil concentration 
(total petroleum hydrocarbon; TPH), soluble hydrocarbon concentration, along 
with DNA, nutrients, cell counts, hydrocarbon utilization potential and ecotoxicity 
analysis which were performed in triplicate.   
2.2 Carrier material 
The biostimulation composition consisted of urea ((NH2)2CO2) and sodium 
dihydrogen orthophosphate (NaH2PO4*7H2O) which in conjunction with the 
weathered crude oil (50 kg; 80% carbon) provided a molar ratio of 100:10:1 for 
C: N: P respectively. The bioaugmentation component consisting of six bacterial 
hydrocarbonoclastic strains composed of Actinobacteria, Bacilli and 
Gammaproteobacteria (Table 2) which were isolated from hydrocarbon 
contaminated environments (Kadali et al., 2012a). Bacterial strains were 
individually cultured in nutrient broth (NB, Oxoid) to an OD600 reading of 0.5 – 
1.0.  The bacterial cells were concentrated and suspended in phosphate buffed 
saline (PBS) (total volume 6 l). The augmentation (6 l) and biostimulation (30 l) 
additives were combined with dry shell grit material (87 Kg, mixed particle sizes 
≤ 1.5 cm) (referred throughout as Bioaug-SC; Simons et al., 2013). Upon 
saturation (approximately by 48 h) the carrier material was added to the Bioaug-
SC tank by manually and evenly spreading the mixture over the surface of the 
seawater/oil.  
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2.3 Seawater characteristics analysis 
Temperature, dissolved oxygen, electrical conductivity, salinity and pH were 
measured (YSI, Australia) at selected time points over a period of 27 weeks 
(Table 1). In addition dissolved ammonium, nitrate and phosphate levels were 
tested in triplicate as per the manufacturers protocol (Aquaspex LF 24000). In 
parallel, cell counts were carried out in triplicate via serial dilution. Each dilution 
(neat, 102, 104) was plated (100 µl) onto nutrient agar (Oxoid) supplemented 
with 1.5% NaCl. Plates were incubated overnight at 25ºC. 
2.4 Hydrocarbon preparation and extraction  
Through the experimental period, changes in dissolved phase hydrocarbon 
concentration were assessed while at the completion of the study (27 weeks), 
hydrocarbon concentration in recovered ‘residual product’ was determined.  
Sample extraction and analysis was performed at external analytical 
laboratories (MDT-Labmark Australia and Flinders Advanced Analytical 
Laboratory- Flinders University) which are nationally accredited environmental 
facilities (NATA). The extracts were analysed using an 8200 Autosampler gas 
chromatograph (Column: SGE, HT5, length: 15 m, IDL 0.25 mm, film: 0.1 µm) 
with a 261 Varian 8200 Autosampler with flame ionisation detector (FID) and 
mass spectrometry (MS) detector. Hydrocarbon concentrations were quantified 
using the internal standard method with a lower limit of reporting of 10 µg l-1 for 
dissolved phase hydrocarbons and 100 mg kg-1 for residual (solid phase) 
hydrocarbons. Samples were analysed in triplicate. 
2.5 Short to medium chain substrate utilisation  
Biolog MT2 96 well plates (Biolog Inc, USA), with each well containing a 
tetrazolium redox dye and a buffered nutrient medium were used to assess the 
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degradation potential of the bacterial communities using a modified method of 
that described by Kadali et al. (2012b). Briefly, a suspension of bacterial cells 
were extracted from the tanks (10 ml, sterile tube, n=3) at selected time points 
over the course of the experiment (weeks 0, 6, 9, 12, 15, 18, 27) and were 
incubated at room temperature overnight. After the incubation period, the cells 
were then used as the inoculants (150 µl) for the Biolog plates. Each seawater 
community was assessed and tested on the seven different hydrocarbons 
(dodecane, tridecane, hexadecane, octadecane, eicosane, naphthalene and 
phenanthrene; Table 3), with each well containing 1-10 mg of substrate. Control 
wells were incubated (150 μl) without any hydrocarbons. The colour formation 
of each well (absorbance 595 nm) was analysed using a multiscan microplate 
reader (Labsystems, Finland, Multiskan EX version 1.00) equipped with an 
automated stacker-loader cassette. All hydrocarbons were sourced from Sigma-
Aldrich (USA). Readings were taken every 24 h for 8 d and normalized to the 
controls (Kadali et al., 2012b).   
2.6 Nucleic acid extraction 
Genomic DNA was extracted from the water microcosms using a modified 
method from that described by McKew et al. (2007c) and Sheppard et al. 
(2012). Bacterial community samples were transferred to sterile tubes (2 ml) 
containing glass beads (0.5 g, size 212-300 µm) and sodium phosphate buffer 
(SPB, pH 7.9). The cells were lysed by bead beating for 2 x 20 s (Mini Bead 
Beater K9, BioSpec), with samples kept on ice in between beats. After 
centrifugation (12,000 x g for 5 min at 4°C) the aqueous layer was removed and 
purified with phenol-chloroform-isoamyl alcohol (25:24:1). The DNA was further 
purified, precipitated, ethanol washed and resuspended in molecular grade 
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water (30-50 µl) as described previously (Sheppard et al., 2012). Community 
DNA extractions were performed in replicates at selected time points (Weeks 0, 
6, 9, 12, 15, 18, 27) to analyse the changes in microbial (bacteria) community 
profiles.  
2.7 Molecular community structure  
Polymerase Chain Reaction (PCR) amplification of bacterial 16S ribosomal 
DNA (rDNA) was performed using the method previously described by 
Sheppard et al. (2012). Briefly, a PCR reaction mixture (50 µl) was used, 
containing forward primer 341F with GC Clamp (2 µl, 10 pmol µl-1) and reverse 
primer 518R (2 µl, 10 pmol µl-1) (Muyzer et al., 1993). Changes in microbial 
community composition were monitored using Denaturant Gradient Gel 
Electrophoresis (DGGE). PCR amplicons were analysed on a D-Code 
apparatus (Bio-Rad, USA) on a 9% polyacrylamide gel (acrylamide-N, N’-
methylenebisacrylamide ratio 37:1) using urea formamide. Electrophoresis was 
carried out for 18 h at 60°C and a constant voltage of 60 V with a linear 
denaturant gradient of 40-60 % for universal bacterial community analysis 
(Sheppard et al., 2011a). After electrophoresis, the gel was stained by silver 
staining and scanned using an Epson V700 scanner and the bacterial 
community profile analyzed (Sheppard et al., 2011a).  
Selected DGGE bands were excised and incubated in elution buffer (McKew et 
al., 2007c). Re-amplification was performed by PCR as described previously, 
except that the forward primer without the GC clamp was used. Products were 
purified using the Wizard SV Gel and PCR Clean-up System (Promega, USA) 
as per the manufacturer’s protocol. Products were then sent for sequencing at 
Australia Genome Research Facility, Melbourne. 
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2.8 Luminescent biosensor toxicity assessment 
The toxicity of the seawater from each tank during the remediation process was 
assessed as previously described (Simons et al., 2010). Briefly, the sample was 
diluted (1/2, 1/10, 1/100, 1/250 and 1/500) in NaCl (2 %) to a final volume (10 
ml) as per the OECD guidelines. An aliquot (20 µl) of log phase Vibro fischeri 
culture was added and mixed thoroughly. An aliquot (1 ml) from each sample 
was read by a Turner luminometer at initial inoculation and after 15 min 
incubation addition to seawater dilution samples and reported as a percentage 
of the untreated control (Low et al., 2007). Assay controls consisted of seawater 
(negative control) and ZnSO4 (10 mg l
-1) in seawater (positive control).  
2.9 Phaeodactylum tricornutum toxicity assessment 
Phaeodactylum tricornutum was cultured in modified F seawater medium 
(Guillard and Ryther, 1962). Toxicity of both tanks was determined using a 
modified version of the protocol described by Okay and Morkoc (1994).  
Seawater samples from each tank was diluted (1/2, 1/10, 1/100, 1/250 and 
1/500) in modified F seawater medium (final volume 100 ml). Cultures were 
added at a final concentration of 105 cell ml-1 for an 8 d exposure. The test 
flasks were rotated on a shaker at 100 rev min-1 at a temperature of 22 ± 2°C 
and illuminated continuously by cool-white fluorescent 4000 lux bulbs placed 
horizontally above the shaker for the duration of the assay. Cell counts and 
chlorophyll a concentration was measured every 48 h for 8 d. Cells were 
counted microscopically in a haemocytometer and calculated as cells ml-1. 
Chlorophyll a extraction was completed as previously described (Ball et al., 
2001), modified to include a 4 h incubation of the filter/ethanol mix before 
centrifugation for 10 min at 4,500 rev min-1. The supernatant was read at 750, 
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664, 647 and 630 nm respectively and calculated as chlorophyll a µg mL-1. 
Assay controls consisted of seawater (negative control) and MMS (750 µl l-1) in 
seawater (positive control). 
2.10 Brine shrimp hatchability assessment  
Brine shrimp hatchability was evaluated using the assessment of hatchability 
efficiency of Artimia salina against different dilutions of the treatment tank 
seawater. Eggs (0.5 g) were weighed out and placed into seawater (500 ml, 
filtered 10 µm) overnight with aeration at 25°C. After 24 h, 10 eggs were placed 
into wells containing 3 ml of the dilutions (1/2, 1/10, 1/100, 1/250 and 1/500). 
The assay was run for 72 h with counts at time 12, 24 and 72 h and was 
performed in triplicate. The percentage of hatchability was calculated by 
comparing the number of newly hatched nupulii in selected dilutions with the 
number of nupulii in the control (10 µm filtered seawater).  
2.11 Statistical analysis 
Digitized DGGE were analysed with Phoretix 1D advanced analysis package 
(Phoretix Ltd, UK) to generate similarity profiles using the unweighted pair 
group method with mathematical averages (UPGMA) and overall community 
diversity using the Shannon Weaver Diversity Index (H’) (Sheppard et al., 
2012).  Where necessary statistical significance was determined in replicate 
samples by analysis of variance (ANOVA) and Tukey tests (IBM SPSS, 
Statistics 20).  
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3. Results & Discussion  
3.1 Physiochemical characteristics 
To assist in comparing the microbial community between the Bioaug-SC 
(treatment) and uncontaminated (control) tank, physiochemical parameters of 
the test seawaters were monitored. The open system was subject to natural 
environmental conditions to best replicate the marine environment. The 
experiment was stopped after 27 weeks to prevent temperature increases 
impacting the tanks seawater volumes due to the onset of summer. The pH of 
the uncontaminated tank ranged from 7.0-8.7, electrical conductivity (EC) 
ranged from 42.8-121.2 ms, dissolved oxygen (DO) ranged from 4.0-18.5 mg l-1, 
water temperature ranged from 10.9–22.6 °C, and an average salinity reading 
of 3.7%. Growth conditions for the microorganisms in the Bioaug-SC 
contaminated tank were similar to that of the uncontaminated tank with respect 
to aeration, pH, and temperature (Table 1). Assessment of the number of viable 
cells, sampled from the seawater, showed the seawater only tank had an initial 
cell count of 3.40 x 103 cells ml-1 which remained relatively stable across all time 
points. The Bioaug-SC tank had a similar stable trend with cell counts of 1.04 x 
105 cell ml-1 and 1.70 x 105 cell ml-1 at week 0 and 27 respectively, however at 
week 9 had its lowest viable cell count of 2.00 x 104 cell ml-1.   
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Differences between the Bioaug-SC and the uncontaminated tank were seen 
with the inorganic nutrients. The background levels of nitrogen and phosphate 
in the seawater was 0.1 mg l-1 and 0.2 mg l-1 respectively. The carbon content 
of the weathered oil was assumed to be 80% (Salanitro et al., 1997a), and as a 
result nutrients were added to the carrier material in a molar ratio  C:N:P 
80:10:1. The presence of the nutrient enriched carrier material increased the 
levels of inorganic nutrients including phosphate and ammonium. The 
phosphate level in the Bioaug-SC tank had an initial concentration of 128.7 mg 
l-1 after the introduction of the carrier material, reducing over time to 24.0 mg l-1 
by week 27. However, the detection of ammonium was shown to have a 
delayed effect as seen in the preliminary study (Simons et al., 2013a) with a 
peak in levels at week 9 of 488 mg l-1.  
 
 
 
Table 1: Summary of physiochemical analysis of treated seawater 
Sampling 
Time 
pH Salinity DO EC Water 
Temperature 
(°C) 
Max         Min 
*Mean 
Monthly 
Temperature 
*Mean 
Monthly 
Rainfall 
Residual oil 
concentration 
(weeks)  (ppt) (mg 
l
-1
) 
(ms) 
(°C) (mm) 
(mg l
-1
) 
0 7.0 33.5 7.2 51.2 9.8 7.9 15.6 61.4 
315,000 ± 
44,000 
6 8.1 32.9 8.6 50.2 14.2 9.2 18.0 92.4 - 
9 8.6 32.6 9.4 28.8 16.3 10.2 20.8 46.8 - 
12 8.2 35.3 11.6 53.3 15.8 13.0 22.1 42.6 
260,000  ± 
40,000 
15 8.2 37.8 9.6 55.7 15.8 13.0 22.1 42.6 - 
18 7.6 > 40 8.7 64.8 18.5 14.7 26.8 25.2 - 
27 7.3 > 40 4.0 131.0 21.7 19.1 31.1 18.0 
147,000 ± 
21,000 
  * www.bom.qov.au  
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3.2 Hydrocarbon degradation  
In this study, the degradation of hydrocarbons was used to demonstrate the 
effectiveness of the Bioaug-SC application in a marine oil spill scenario (5,000 
l). Analysis by GC-MS determined the initial crude oil total petroleum 
hydrocarbon (TPH) concentration was 315,000 ± 44,000 mg l-1 (Table 1), 
comprised mainly of >C32 fractions. Chemical analysis revealed the residual oil 
concentration was reduced by 17.4 ± 1.55 % to 260,000 ± 40,000 mg l-1 at week 
12 with an overall 53.3 ± 5.75 % reduction by week 27 to 147,000 ± 21,000 mg 
l-1 (Table 1). The ability of Bioaug-SC (alongside indigenous microorganisms) to 
degrade >C32 hydrocarbon chains already exists; Simons et al. (2013) 
demonstrated a substantial reduction in the C32 fraction of weathered oil in their 
study. These results and those shown by Simons et al. (2013) demonstrate the 
ability of Bioaug-SC to degrade >C32 hydrocarbon fractions in crude oil 
contaminated seawater, independent of volumes (> 5000 l). Since the 
preliminary studies conducted by Simons et al. (2013) showed the consortia 
mounted carrier material to be significantly different to the no treatment controls 
and In addition to logistic issues, an oil and seawater control was not 
Table 2: Bacterial strain ID of the isolates used for the consortia from phylogenetic 
groups and their homology with related species, % similarity, accession no (Kadali 
et al., 2012a).  
Strain 
ID 
Related species Phylogenetic group Similarity 
(%) 
Reference strain 
accession no. 
FUCC23 Arthrobacter sp Actinobacteria 99 HE578015 
FUCC27 Pseudomonas sp Gammaproteobacteria 99 JF778683 
FUCC30 Arthrobacter aurescens Actinobacteria 99 EU086809 
FUCC31 Pantoea agglomerans Gammaproteobacteria 84 FJ999930 
FUCC65 Pseudomonas Gammaproteobacteria 97 JF778683 
FUCC81 Planomicrobium 
alkanoclasticum 
Bacilli 98 NR_024864 
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conducted. However, a seawater only control was included in the experimental 
design to enable microbial community and ecotoxicological comparisons to be 
made between the remediated and natural seawater environments.  
In addition to the degradation of the weathered oil, this study examined the 
ability of the aqueous microbial populations to degrade short and intermediate 
hydrocarbon chains (C10-C20) which are breakdown products of large chain 
hydrocarbons. At each time point the aqueous microbial community from the 
Bioaug-SC tank was able to express degradation activities for at least 4 out of 
the 7 hydrocarbons (Table 3). The highest absorbance increase in the Bioaug-
SC tank was through utilization of aliphatic hydrocarbon eicosane, C20. 
However, the uncontaminated tank was not able to reduce the tetrazolium dye 
suggesting only a low density of hydrocarbon degrading bacteria would be 
present. Table 3 shows the total utilization for the treated seawater 
communities, and demonstrates the community was most active between week 
6 and 15 before a dramatic decrease by week 27. This decrease at week 27 
may be a result of an increased cell density of non hydrocarbon degrading 
bacteria due to the influx of products as a result of significant crude oil 
degradation (> 50%) or due to a reduction of hydrocarbon products available for 
utilization. These results suggest that improved degradation of the indigenous 
seawater microbial community was associated with Bioaug-SC. The addition of 
oil in seawater can by itself improve the functionality of the microbial community 
as it will lead to the selection of hydrocarbonoclastic groups. The ability for the 
aqueous microbial community to effectively degrade short and intermediate 
hydrocarbon chains represents a valuable contribution towards the 
bioremediation process and ensures that a complete degradative process 
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occurs. This ability of the aqueous community may be an explanation why there 
was minimal detection of soluble hydrocarbons in the Bioaug-SC tank (<1 mg l-
1, except week 9). The peak in soluble hydrocarbon detection occurred at week 
9 (9.4 mg l-1). Analysis of the soluble hydrocarbon fractions at week 9 showed 
they were mainly comprised of C15-C28  (6.0  mg l
-1) and C10-C14 (2.4 mg l
-1). 
However, a low detection of soluble hydrocarbon is not surprising as n-alkanes 
(>C32) are sparingly soluble in water (Simons et al., 2013).  
3.3 Microbial community profile and identification  
Having established that the microbial community in the Bioaug-SC tank was 
actively degrading the hydrocarbon source, molecular techniques were used to 
determine the effects of the oil spill and the subsequent bioaugmentation and 
 Table 3: BiologTM individual hydrocarbon substrate utilization (Day 8) at 
absorbance  595 nm from the treated seawater 
 Hydrocarbon 
Source 
Chain 
length 
Week 0 Week 6 Week 
9 
Week 
12 
Week 
15 
Week 
18 
Week 
27 
Dodecane C12 - 
0.47 ± 
0.05 
0.42 
±0.17 
0.03 
±0.10 
0.40 ± 
0.26 
0.18 ± 
0.12 
- 
Tridecane C13 - 0.28 ±0.04 
0.47 
±0.23 
0.17 ± 
0.09 
0.41 ± 
0.11 
0.41 ± 
0.25 
- 
Hexadecane C16 
0.53 ± 
0.20 
0.65 ±0.08 
0.56 
±0.29 
0.12 ± 
0.10 
0.79 ± 
0.07 
0.43 ± 
0.12 
0.06 ± 
0.0 
Octadecane C18 
0.47 
±0.07 
0.78 ±0.27 
0.97 ± 
0.12 
0.66 ± 
0.22 
0.80 ± 
0.02 
0.70 ± 
0.12 
0.13 ± 
0.07 
Eicosane C20 
0.11 ± 
0.03 
1.09 ± 
0.12 
0.96 ± 
0.21 
1.32 ± 
0.07 
1.24 ± 
0.07 
0.67 ± 
0.18 
0.13 ± 
0.10 
Naphthalene C10 - 0.83 ±0.06 
0.73 ± 
0.38 
0.78 
±0.30 
0.77 ± 
0.23 
- - 
Phenanthrene C14 
0.60 ± 
0.17 
0.99 ±0.05 
0.67 ± 
0.05 
1.26 ± 
0.10 
0.78 ± 
0.09 
0.46 ± 
0.20 
0.04 ± 
0.0 
Total - 
1.70 ± 
0.47 
5.09 ± 
0.67 
4.77 ± 
1.46 
4.33 ± 
0.96 
5.20 ± 
0.86 
2.86 ± 
0.98 
0.36 ± 
0.17 
 Values are means ± SE of triplicates (pseudoreplicates). -, absorbance less than control , normalized 
data shown.  
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biostimulation on microbial diversity. The UPGMA (Unweighted Pair Group 
Method with Arithmetic mean algorithm) dendrogram was used to compare the 
Bioaug-SC and uncontaminated tanks' microbial communities. The microbial 
communities present in contaminated seawater containing Bioaug-SC and the 
uncontaminated seawater was relatively high (H’ >3.20) during the experimental 
period. In addition, the uncontaminated and the Bioaug-SC containing 
contaminated seawater expressed highly even distribution of species, as 
indicated by average equitability indices J= 0.948 (± 0.051) and J= 0.971 (± 
0.006) respectively. The dendrogram in Figure 1 illustrates that over the course 
of the experiment there were three distinct shifts (3 clusters formed) in the 
bacterial community, primarily in relation to time then secondly in relation to 
contamination (Figure 1). Despite the introduction of the oil and the carrier 
material at time 0, both seawater samples (uncontaminated and contaminated) 
had high initial similarities of >0.75, based on the similarity coefficient. 
Preliminary studies had identified members from the bioaugmentation consortia 
at the initial stages of the experiment (Simons et al., 2013), however the 100 
fold increase in volume is expected to have diluted the inocula from detection. 
The main divergence of the Bioaug-SC and uncontaminated clusters was only 
observed after week 9. The change in community profile is thought to be the 
proliferation of hydrocarbon degrading species from the contaminated oil 
community (Sheppard et al. 2011) and due to the increase in by products as a 
result of the carrier material degradation activity. Cluster 1, includes weeks 0, 6 
and 9 communities from both tanks and the results show there was a shift in the 
community which occurred between week 9 and 12. Cluster 2 grouped the 
uncontaminated tank at weeks 12, 15, 18 and 27, whereas cluster 3 grouped 
the Bioaug-SC tank at these time points respectively.   
Assessment of petrogenic aquatic systems                                                                   P. Sheppard                     
 
Page | 87  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: UPGMA (Unweighted Pair Group Method with Arithmetic mean algorithm) 
dendrogram of carrier mounted treatment tank (T A/B) and uncontaminated control 
tank (C A/B). The scale represents a unitary scale of similarity (Dice Sorensen’s 
similarity index). White boxes represent excised bands.  
 
 
Cluster 1 
Cluster 2 
Cluster 3 
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In order to determine the identities of the microbial populations during the 
remediation event, prominent DGGE bacterial bands were excised and 
sequenced. 16S rDNA analysis revealed Cyanobacteria and Proteobacteria as 
dominant populations between week 6 and week 18 in the Bioaug-SC 
containing contaminated seawater (Table 4). The limited detection of 
cyanobacteria in other laboratory studies may be due to the controlled 
experimental conditions (Radwan and Al-Hasan, 2002). However, in this pilot 
scale study and hence natural southern hemisphere environmental conditions, 
cyanobacteria were shown to be present in the community. There is increasing 
evidence that photosynthetic microorganisms, particularly cyanobacteria, may 
contribute to the oxidation and degradation of hydrocarbons (Radwan and Al-
Hasan, 2002). The development of cyanobacterial mats have been shown to 
degrade crude oil in oil contaminated African coasts (Cohen, 2002). Although 
this could not be determined from this study future studies involving stable 
isotope probing (SIP) may assist in assigning functionality. The community 
profiling does imply that the cyanobacteria were not stressed by the crude oil or 
its constituent fractions and associated with hydrocarbon-degrading bacteria.  
 
 
 
 
 
Assessment of petrogenic aquatic systems                                                                   P. Sheppard                     
 
Page | 89  
 
3.4 Ecotoxicity assays 
Aquatic toxicity assay's including brine shrimp hatchability, Microtox assay, and 
Phaeodactylum tricornutum (PT) were used for preliminary assessment of 
toxicity during the pilot scale experiment in accordance to OECD guidelines. As 
expected, the uncontaminated seawater expressed no toxicity in all of the 
toxicity assays conducted. In addition, no toxicity was expressed in the 
Table 4: Phylogenetic affiliation of 16S rRNA gene sequences of excised DGGE 
bands (Figure 1) 
Excised 
band 
No. 
Closest relative in Genbank 
database 
Phylum Phylogenetic 
class 
 Identity 
(%) 
1 Aureimarina (EF108215) Bacteroidetes Flavobacteria 100 
2 Delftia (NR02471) Proteobacteria Beta Proteobacteria 98 
3 Gaetbulibacter  (JQ661141) Bacteroidetes Flavobacteria 91 
4 Geitlerinema (GQ412713) Cyanobacteria Oscillatoriales 93 
5 Halospirulina (NR026510) Cyanobacteria Oscillatoriales 94 
6 Maricaulis (NR025444) Proteobacteria Alpha Proteobacteria 87 
7 Marivita (NR044514) Proteobacteria Alpha Proteobacteria 99 
8 Planktothricoides (NR040858) Cyanobacteria Oscillatoriales 94 
9 Polaribacter (HM032000) Bacteroidetes Flavobacteria 98 
10 Rhodobacteraceae (NR044594) Proteobacteria Alpha Proteobacteria 97 
11 Roseobacter  (DQ659414) Proteobacteria Alpha Proteobacteria 97 
12 Ruegeria (NR042675) Proteobacteria Alpha Proteobacteria 97 
13 Mastigocladus (JX316764) Cyanobacteria Cyanophyceae 91 
14 Gloeocapsopsis (KF886179) Cyanobacteria Chroococcales 100 
15 Alishewanella (JX29882) Proteobacteria Gamma Proteobacteria 88 
16 Roseobacter (DQ659414) Proteobacteria Alpha Proteobacteria 83 
17 Polaribacter (HM032000)  Bacteroidetes Flavobacteria 96 
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contaminated seawater with the Microtox and brine shrimp hatchability assays. 
However, the PT assays (chlorophyll a and cell counts) suggested that in the 
middle of the degradation process, weeks 9, 12 & 15, a form of toxicity was 
being expressed with significant differences to the controls (P<0.05). In week 9, 
chlorophyll a production (8 d) was reduced in all dilutions (1/2, 1/10, 1/100, 
1/250, 1/500) in addition to reduced cell counts occurring in the 1/2 and 1/10 
dilutions (Figure 2). Week 12 expressed minor affects with chlorophyll a 
production and cell counts only being effected in the 1/2 dilution. At week 15, 
there was a similar trend as week 9, with the top four dilutions exhibiting 
reduced chlorophyll a concentrations and the top three dilutions showing 
reduced cell counts (data not shown). However, examination of the 
contaminated tank prior to week 9 and after week 15 showed no toxicity. 
Previous studies have indicated that diatoms are not very sensitive to 
hydrocarbons (Hook and Osborn, 2012). In this study, there was a low 
concentration of hydrocarbons present in the water phase, potentially due to the 
low water solubility of the weathered crude oil source and absorption of the oil 
to the shell material. However the results have shown that although there was a 
low concentration of oil present in the water, there was still toxicity being 
expressed, suggesting that between weeks 9 and 15, harmful primary or 
secondary metabolites were being produced. The detection of toxicity may be a 
result of the hydrocarbon contaminant breaking down, producing toxic 
compounds. This breakdown of products was seen in week 9 with an increased 
detection of soluble hydrocarbons in the aqueous phase (Table 1), however no 
toxicity was detected in weeks 12 and 15. Another possibility of this toxicity 
detection may be a result of the presence of the cyanobacteria populations, 
possibly producing toxins (Golubic et al., 2010).   
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Figure 2: Week 9 PT ecotoxicity assay from Bioaug-SC tank (A) Chlorophyll a 
production (µg ml-1) (B) number of diatoms (cells ml-1).   
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4. Conclusion 
The importance of this study was to assess the effectiveness of the carrier 
mounted bacterial consortium with emphasis on the impact on the microbial 
community dynamics. This study has demonstrated that recycling marine waste 
products and developing unique sustainable and environmentally friendly 
technologies are applicable in pilot scale applications. The advantage of this 
remediation treatment method is the simplicity of the application, the recycling 
of marine materials, degradation ability of the indigenous microbial communities 
and the effectiveness on different volumes of oil spills, whether consisting of 
light or heavy fractions. Furthermore, this study has show the importance of 
incorporating ecotoxicity assays to ensure adequate environmental safety as 
hydrocarbon concentration data alone does not detect potential harmful 
metabolites. As a result there is a need for generating simplified protocols in 
order to identify the toxic compounds and/or metabolites.  
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CHAPTER 6 
Stable Isotope Probing- a tool for assessing 
the potential activity and stability of 
hydrocarbonoclastic communities in 
contaminated seawater 
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Supplementary Tables 
 
Supplementary Table 1: Composition of the crude oil used for pre-exposition of bacterial 
communities in seawater* 
Hydrocarbon Fraction Initial concentration (%) 
Final concentration
#
 
 
C10-C14 6.0 < LoD 
C15-C28 55.6 < LoD 
C29-C35 38.4 < LoD 
TOTAL 147,000 < LoD 
*Obtained from large scale bioremediation study using a combination of bioaugmentation/biostimulation 
as a treatment method.  <LoD limit of detection. # > 27 weeks.  
 
 
 
 
Supplementary Table 2: Example of labeled and unlabeled 
gradient buoyant densities (g
-1
) 
 
Fraction Labeled (
13
C) Unlabelled (
12
C) 
1 1.862 1.884 
2 1.844 1.872 
3 1.821 1.851 
4 1.818 1.843 
5 1.808 1.832 
6 1.803 1.826 
7 1.789 1.823 
8 1.788 1.806 
9 1.778 1.797 
10 1.771 1.785 
11 1.759 1.779 
12 1.746 1.771 
13 1.738 1.758 
14 1.724 1.752 
15 1.709 1.732 
16 1.668 1.720 
17 1.420 1.628 
18 1.170 1.296 
 
 
 
Assessment of petrogenic aquatic systems                                                                   P. Sheppard                     
 
Page | 107  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Table 3: Window Moving Analysis of benzene and hexadecane microcosms  
 Similarity %* % change over time
#
  
 0-24H 24-48H 48-72H 0-24H 24-48H 48-72H ∆t^ 
Labeled benzene 32 45 36 68 55 64 62.3 ± 3.84 
Unlabeled benzene 36 42 36 64 58 64 62.0 ± 2.00 
Labeled hexadecane 48 34 41 52 66 59 59.0 ± 4.04 
Unlabeled hexadecane 75 85 70 25 15 30 23.3 ± 4.41 
*  Derived from UPGMA dendrogram,
 #
 100 - % similarity, 
^ 
average of % change over time, H= hours 
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CHAPTER 7 
General Discussion and Conclusions 
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7. 1 General Discussion 
Petroleum hydrocarbons are a major pollutant in marine environments due to 
anthropogenic activities and industrial developments offshore (Bao et al., 2012). 
Their persistence in the marine environment is dependent on the chemical 
composition and its physical characteristics of the hydrocarbon source (Atlas, 
1995; Perelo, 2010). Crude oil is a complex mixture of organic compounds and 
the structure of these compound affects its overall susceptibility to 
biodegradation (Head et al., 2006). Weathered crude oil is petroleum which has 
lost a large quantity of its more volatile components through, for example, 
evaporation. Weathered crude oil persists in the marine environment for a long 
period of time. Whilst processes, such as evaporation and photo-oxidation play 
an important role in reducing the concentration of marine contaminants, these 
physical processes do not degrade the oil (Gentili et al., 2006).  
Current technologies aimed at marine remediation involve techniques such as  
physical skimmers and chemical dispersants but represent expensive treatment 
options and have limited effectiveness (Bao et al., 2012). As a result, there 
exists an opportunity for the application of hydrocarbon utilising bacteria as an 
option as only microorganisms, or high temperature combustion, can mineralise 
the oil to carbon dioxide and water (Prince and Clark, 2004).   
Petroleum hydrocarbons naturally occur in the marine environment and, as a 
result, there is a diverse range of microorganisms which have evolved the 
potential to utilise different hydrocarbons as their energy source (Atlas and 
Hazen, 2011). These microorganisms are relied upon in the bioremediation 
treatment known as natural attenuation. This technique leaves contaminated 
environments in situ and may accelerate natural biological transformations to 
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degrade the contaminants (Perelo, 2010). The identification and isolation of 
hydrocarbon degrading bacteria have also been used in the application of the 
bioremediation method known as bioaugmentation. Bioaugmentation is the 
introduction of bacteria to a site which possess the capability to degrade the 
particular contaminants involved. The introduction of the microorganisms is 
aimed at supplementing the indigenous microbial community thereby enhancing 
the microbial degradation of the toxic compound (Yu et al., 2005). The 
identification of these hydrocarbon degrading bacteria has largely been 
achieved through isolation from chronically contaminated environments.  
In this present research we showed that the natural microbial community, 
present in the weathered oil was a valuable resource for the bioremediation of 
pollutant environments, especially in terms of a source of hydrocarbon 
degrading bacteria. Examination of the hydrocarbon degrading bacteria in oil 
contaminated seawater identified a maximum recovery of 6.6 x 101 CFU/ml; 
however, the numbers isolated from the crude oil itself was almost a thousand-
fold higher, reaching a maximum of 4.1 x 104 CFU/ml. The culturable oil 
community was used to determine the potential of the microbial community to 
degrade weathered oil in seawater microcosms (200 ml). The natural 
attenuation process showed effective biodegradation of the weathered oil, with 
>60 % degradation of the oil, assessed as by TPH concentration in 8 weeks. 
The use of molecular analysis to study the diversity of microbial communities 
from the marine environment is not a new concept (Benlloch et al., 1995; 
Fuhrman and Ouverney, 1998); neither is the concept of using contaminated 
seawater for the isolation of hydrocarbon degrading bacterial communities 
(Brakstad and Lødeng, 2005; Kodama et al., 2008; Luo et al., 2009; Yakimov et 
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al., 1998). However, there seems to be a lack of publications which focus on the 
direct molecular analysis of the contaminating oil source for hydrocarbonoclastic 
communities, even though they are abundant as shown by our research.   
After determining the potential of the weathered oil microbial community, the 
impact of incorporating this microbial community as a bioremediation strategy 
was assessed. The aim of the bioremediation study was to develop an 
environmentally safe and sustainable method for marine oil removal. As a result 
the tank mesocosm (50 l) study was designed to show adaptability for 
treatments applied to the marine system. Generally, natural attenuation of 
marine environments is a long term process and, although hydrocarbon 
degrading organisms are ubiquitous, a dense population is not likely to be 
present pre-spill in an open system such as the ocean (Atlas and Hazen, 2011; 
Yu et al., 2005). Furthermore, reliance on the introduction of hydrocarbon 
degrading bacteria to a contaminated ecosystem lacks feasibility for an offshore 
spill treatment response due to the ocean current and dilution factors. In an 
attempt to overcome these problems, carrier materials have been suggested as 
a cost effective biotechnological application for offshore remediation.  
Carrier materials are attractive for use in the open water-systems based on the 
principle that they provide a protective niche for the microbial inoculants either 
physically and/or nutritionally during the remediation process (Simons et al., 
2013b). In this research the capacity of two carrier applications, alginate and 
shell grit to degrade weathered crude oil in seawater mesocosms (50 l) was 
investigated. Previous carrier systems have incorporated the addition of either 
microorganisms or nutrients on or within a substrate material (Gentili et al., 
2006; Gertler et al., 2009b; Obuekwe and Al-Muttawa, 2001; Podorozhko et al., 
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2008). However, the carrier system in this study comprised of all three i) 
nutrients, ii) bacteria and iii) the carrier material.  
We hypothesised that each component plays an important and separate role in 
the remediation process. The addition of nutrients is applied to stimulate 
degradation of the native and introduced microorganisms to enhance 
biodegradation where nutrients are normally a rate limiting factor (Atlas and 
Bartha, 1972). The bacteria were isolated from the contaminated oil source. 
Bacteria were then screened based on their ability to degrade hydrocarbon 
fractions and withstand marine conditions (Kadali et al., 2012a). The two carrier 
materials trialled were an encapsulation method using alginate and an 
absorption method using shell grit. Both carrier materials were shown to be non 
toxic and non intrusive to the native seawater community. The study showed 
the unique shell grit-mounted bacterial consortium was most effective in 
degrading the weathered oil source by approximately 75 (± 14) %, compared to 
20 (± 14) % for the alginate carrier and 20 (± 1.42) % for the seawater control. 
Therefore, the shell grit carrier material was selected as the optimal remediation 
system. 
The capability for the shell grit mounted bacteria to effectively degrade the 
hydrocarbon source in a marine oil spill scenario may reflect its commercial 
possibilities. A advantage of this research was its preliminary application in a 
microcosm setting (50 l). A study by Elliott et al. (2007) investigated the 
potential of insoluble potato fiber as a bacterial carrier for bioremediation 
studies. However, while the study showed the binding capacities of the fiber for 
bacterial strains, it did not show its capabilities in the environment where it 
would be applied to. Furthermore, a study by Gentili et al. (2006) investigated 
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the use of an individual hydrocarbon bacterial strain associated on two different 
carrier waste materials. Whilst the study showed both carrier systems were able 
to degrade a crude oil hydrocarbon source, this was only achieved in a 
laboratory scale experiment (150 ml seawater).   
In order to develop effective remediation treatments, it is important to trial the 
methodologies at both mesocosm scale and pilot scale. Therefore, once the 
efficacy of the microcosm strategy had been established, the potential 
application of the shell grit carrier material for use in a pilot scale (5000 l) study 
was assessed. Pilot scale studies gather information prior to a large scale or in 
situ study allowing deficiencies in the predictability of an approach to be 
revealed. The pilot scale represented in a 100-fold increase in size compared to 
the mesocosm study (50 l). The pilot scale study not only assessed the carrier 
material's ability to degrade weathered crude oil (1% w/v) but also assessed the 
aqueous microbial communities’ potential to degrade short and intermediate 
fresh hydrocarbon substrates. The results of the study showed that in the pilot 
scale study the carrier material tank degraded the oil by 53% in 27 weeks. The 
successful degradation by the shell grit carrier material is suggested to due to 
its variability in size and hence variability in buoyancy. As the shell grit is 
composed of difference light weight shell fragments, they are dispersed 
throughout the water column. This dispersion enables the carrier material to 
interact with the weathered crude oil and in some cases attach to the oil itself. 
As a result, the carrier material is able to effectively degrade floating oil or due 
to its increase in density, settled oil. Furthermore, the aqueous microbial 
community exhibited the potential to degrade short and intermediate chain 
hydrocarbons, including aromatics, indicating an effective treatment option for a 
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wide range of hydrocarbon substrates. These results demonstrate the 
effectiveness of an economical and sustainable bioaugmentation/biostimulation 
carrier material in the remediation of weathered oil. As the results from the 
mesocosm and pilot scale study showed there was no further need for 
modification of the materials or procedures, it highlights it suitability and 
applicability for a large scale study.  
The seawater volume (5000 l) used in this pilot scale study is larger than those 
usually being carried out in marine degradation studies which are generally < 
900 l seawater (Bao et al., 2012; Cappello et al., 2007a; Gertler et al., 2009a). 
One exception however, was a study performed by Yamada et al. (2003) 
investigated the use of chemical dispersants on PAHs in a 9 d 5000 l enclosed 
seawater microbial ecosystem. Furthermore, a study by Cappello et al. (2007b) 
investigated the composition changes of contaminated seawater communities in 
15 d 10,000 l enclosed system. However, our study is unique as it assessed a 
newly developed carrier systems ability to degrade hydrocarbon fractions over a 
27-week period in 5000 l seawater whilst monitoring its ecotoxicity potential and 
community functionality.   
Although research in the field of marine oil degradation using bioremediation 
has been intensively studied, in practice there is still a lack of knowledge 
regarding the environmental function of hydrocarbon degrading 
microorganisms. DNA profiling in combination with sequencing has provided 
information on which microorganisms are present in the environment. However 
a longstanding challenge has been to link their identification to their function in 
situ. In this research we used stable isotope probing (SIP) to investigate the 
utilisation of hydrocarbon fractions through the incorporation of a labeled 
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substrate into the biomass. The identification of operational taxonomic units 
(OTUs) through the incorporation of a labeled substrate provides more definite 
evidence that the population detected is actively utilising the substrate of 
interest and hence involved in the specific process. In this study phylogenetic 
analysis of 16S rRNA gene sequences revealed the presence of known 
hydrocarbon degraders including Alcanivorax, Acinetobacter, Pseudomonas 
and Roseobacter. This research demonstrates SIP as an useful tool for 
assessing the bioremediation potential in contaminated marine ecosystems.  
Although this study only focused on the application of RNA-SIP, there are 
additional techniques, such as fluorescence in situ hybridization (FISH) and 
microscopy which may be useful in confirming microorganisms capable of 
utilizing specific substrates (Neufeld et al., 2007). Another approach which 
would enhance the application of SIP is the use of metagenomics. A main 
drawback of metagenomics is the vast diversity and abundance of microbes in 
most ecosystems; the incorporation of  SIP enables the detection of a particular 
sub population and hence more likely to detect the gene/s of interest (Uhlik et 
al., 2012). Despite the benefits of being able to select for a subpopulation, a 
major limitation of the incorporation of SIP with metagenomics is the cost 
involved. The labeled substrates used in SIP can be at a high cost and the 
technique is very labour intensive. Although the cost of metagenomic 
sequencing is reducing over time, the cost is still a limitation to many 
laboratories with large data sets to be sequenced. A further limitation is the 
incompleteness of genetic databases to analyze the sequences obtained (Uhlik 
et al., 2012), however are improving over time.  
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7.2 Conclusion 
Bioremediation is an important alternative technology to the conventional 
cleanup of oil spills in the marine environment. As industrial and environmental 
biotechnology migrate towards less disruptive methods including bioremediation 
are continuously being evaluated to enhance biodegradation of contaminated 
areas. The research conducted in this study has highlighted the potential of 
immobilized hydrocarbonoclastic bacteria to degrade weathered crude oil. 
These bacterial strains are seen as a valuable resource for the application of 
bioremediation. The advantages of the addition of novel hydrocarbonoclastic 
strains coupled with biostimulation additives has shown promising results. This 
present work has shown that the use of a previously unused carrier material 
enhanced the degradation substrate range of organic pollutants. Furthermore, 
this study has confirmed the importance of carrying out pilot scale studies in 
order to test the feasibility of a remediation application and determine the best 
conditions for the process. The development of an economical and sustainable 
carrier system has many advantages to the field of bioremediation in soil, water 
and marine environments as it was shown to be an environmentally friendly 
treatment option. However, the study was only able to test the performance of 
the novel carrier system in a closed system. The next stage is to see the 
performance of the newly developed carrier system in a field oil spill scenario.  
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